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CHAPTE3 I 

INTRODUCTION 

The first problem i n  bubble d p a n i c s  was proposed by Besant i n  

18-59. 

problem f o r  one set. of boundary c c n c F t i m s ,  After  World War 11, inter- 

es t  i n  boi lFng hea t  t r a n s f e r ,  c a v i t a t i m ,  and fluid pumping d i r e c t e d  

t h e  a t t e n t i o n  o f  many s c i e n t i f i c  minds t o  t h e  f i e l d  of bubble dyriamics. 

Th i s  concentrated i n t e r e s t  r e m l t e d  i n  t h e  development of t h e  theoretL- 

s a l  equat ions governing t h e  bubble dyna r i c s  problem. 

I n  1917, Rayleigh gave t h e  f i r s t  s o l u t i o n  t o  a bubble dynamics 

The t h e o r e t i c a l  knowledge i n  t h e  area of bubble dynamlcs has been 

experimental ly  t e s t e d  only fo r  non-cryoi;ens. The p u r p s e  o f  %he pres- 

e n t  i n v e s t i g a t i o n  is t o  extend t h e  knowledge of  bubble dynamlcs i n t o  

th+  f i e l d  of cryogens. To maki u se  of t h e  t h e o r e t i c a l  work done f o r  

non-cryogens, e q e r i m e c t a l  evidenci  must be a v a i l a b l e  t o  demonstrate 

t h a t  this t h e o r e t i c a l  work i s  v a l i d  f o r  crycgens. 

Photographic r e c o r d s  of vapor bubbles  i n  superheated l i q u i d  n i t r o -  

gen were obtaiEed e x p z r h e n t a l l y  i n  t h i s  i n v e s t i g a t i o n .  

behavior  o f  t h e s e  vapor babbles was measured and compared t o  t h e  behav- 

The dyrrmic 

i o  r p r  e d i  c t e d t he o r e t i  c a l l  y f o r  no n - c r y o g e n s S e ve r a 1 i n.r/ e s t i g a t  o r  s 

have v e r i f i e d  t M s  t h e o r e t i c a l  s o l u t i o n  for non-cryogens. 

There a r e  two nichanisms causing bubble co l l apse .  On2 mechanism, 

i r i e r t i a  c x t r o l l e d ,  r e s u l t s  from t h e  i n e r t i a  f o r c e s  o f  t h e  l i q u i d .  

c t h e r  mechanisn, heat trail-sfer c o n t r o l l e d ,  r e s u l t s  from t h e  reduct ion 

The 
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sf t h e  -JaFl;r p re s sc re  InslZe t h e  -raper ’rubSle 6ue t o  the r e d a z t i c n  o f  

t h e  temperature of t h e  bubble !$all 5y hea t  t r a n s f e r  t o  t h e  l i q u i d ,  

Experimental measurenects of h e a t  t r m s f e r  c o n t r o l l e d  bubble c o l l a p s e  i n  

l i q u i d  n i t r c g e n  were made i n  this i n v e s t i g a t i c n ,  The t h e o r e t i c a l  s o h -  

t i c n s  of t h e  bGbble dynamics e q u a t i o n s  governing h e a t  t r a n s f e r  con- 

t r o l l e d  c o l l a p s e  a r e  presented and poss ib l e  nod5ficat iona of  t h e s e  

s o l u t i o n s  a r e  suggested,  The experimental  d a t a  of  this i n v e s t i g a t i c n  

were used t o  demonstrate t h a t  t h e  t h e o r e t i c a l  equa t ions  have not  been 

adequately r e sc lved ,  

t r a m f e r  c m t r o l l e d  co l l epse ,  u s i n g  water and a l c o h o l  a t  zero g r a v i t y ,  

a i d e d  i n  t h i s  demonstration (1) . 
and l i q u i d  n i t rogen  is  presented. 

A previous experimental  i n v e s t i g a t i o n  of heat, 

1 A comparison o f  t h e  d a t a  f o r  x a t e r  

m-e equa t ions  goveming bubble growth w i t h  t r a n s i e n t  l i q u i d  p re s -  

su re  were developed an2 t h e  s o l u t i o n  f o r  t h e  case  where t h e  change i n  

bubble wall temperature can be neg lec t ed  i s  presented.  This  s o l u t i o n  

i s  t h e  s o l u t i o n  f o r  i n e r t i a  c o n t r o l l e d  c o l l a s s e  o r  growth. Three 

n i t n g e n  vapor bubbles  were measured f o r  measured l l q l i i d  p re s su re  v a r i -  

a t i o ? .  These measnTements are  c o f i p r e d  t o  t h e  t h z o r s t i c a l  s o l u t i o n  fo_r 

i n e r t i a  c o i t r o l l e d  growth and t o  t h e  t h e o r e t i c a l  s 2 l u t i o n  f o r  bubble 

growth i n  a superheated l i q u i d ,  

A li_mited amount of data on t h e  p e r s i s t e n c e  time of vapor k u t b l e s  

is presented. I n  this t h e s i s ,  p e r s i s t e n c e  t i n e  is def ined  as t h a t  

t ime ,  a f t e r  t h e  apparent  bubble c o l l a p s e ,  t h a t  a bub’)le has  t s e  poten- 

t i a l  t o  reappezr  o r  rebound. Th i s  i n v e s t i g a t i o n  PrGVided experirneztai  

evidence of t h e  pe r s i s t ence  time of vapor bubbles  i n  l i q u l d  n i t r o g m  

3 
‘Numbers i n  prentk;; .aes i n d i c a t e  r e f e r e c c e s  ir ,  t h e  B i b l i o g r a $ q - .  



3 

8 -  
0' 
' 1  

sukcooled l e s s  than f e w  degrees Ranliine. 

evidence of 2 e r s i s t e n c e  t i n e  is f o r  stearn bubbles  c o l l a p s i n g  by a n  

h e r t i a  c o n t r o l l e d  p rocess  (2), 

"Ice on ly  Gther e x p e r k e n t a l  

I n  a d d i t i o n  t o  demonstrating tha t  t h e o r i e s  of bubble dynamics may. 

be  a p p l i e d  t o  cryogens 

i n  t b e e  a r e a s  where d a t a  are  lacking: 

c o l l a p s e ,  ( 2 )  bubble growth k i t h  t r a n s i e n t  p re s su re ,  and ( 3 )  t h e  per- 

s i s t e n c e  time of vapor bubbles. 

extension o f  t h e  theoy ies  of  but.3le dynamics. Seve ra l  t h e o r e t i c a l  and 

experimental  s t u d i e s  are recommended t o  continue t h e  growth of  knowledge 

i n  t h e  f i e l d  of bubble dynamics. 

this Lnvest igat ion provided experimental  d a t a  

(1) temperature c o n t r o l l e d  

Th i s  d a t a  should be  va luab le  i n  t h e  
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CHAPTER I1 

REVIEW OF PREVIOUS INVESTIGATIONS 

The dynamic problem as soc ia t ed  with t h e  appearance of  a vapor 

bubble i n  a l i q u i d  was first proposed by Besant (3)  i n  t h e  form: 

.. . fb0L 

pL 
R R  + 1.5R2= - - 

where 

R = bubble r a d i u s  

= pres su re  i n  the  l i q u i d  away from bubble po,L 

pL = l i q t d d  d e n s i t y  

and :dots r ep resen t  d i f f e r e n t i a t i o n  with r e s p e c t  t o  time. 

(11-1) 

Lord Rayleigh (4)  gave a s o l u t i o n  t o  Equation (11-1) f o r  t h e  time 

r e q u i r e d  f o r  a bubble t o  col lapse.  

modified t o  account f o r  the e f f e c t s  of v i s c o s i t y ,  s u r f a c e  t ens ion ,  and 

vapor p re s su re  i n s i d e  t h e  bubble. The modified equat ion was developed 

More r e c e n t l y ,  t h e  equat ion h a s  been 

from t h e  c o n t i n u i t y  equat ion and t h e  equat ion of motion by Zwick ( 5 ) .  

T h i s  development i s  presented i n  Appendix A along with o r d e r  of magni- 

t u d e  c o n s i d e r a t i o n s  f o r  l i q u i d  n i t rogen .  The modifiec' Besant-Rayleigh 

equa t ion  is: 

where 

4 

(11-2 
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= J i s t O S i t Y  of the E ~ G ~ J  (dyratiLc TCscosttZT) 

cf = s u r f a c e  t e n s l o n  

a r d  P = \Tapor p re s su re  f.rx3.de t h e  bubble. 

Equation (11-2) sovernc both bubble collapse and groijth. 

c p n d f t l c r s  fcr kubblt  growth r e s u l t  i n  one t,ype of s o l u t i o n  while t h e  

boundary c o n d i t i o n s  f o r  coi lapse r e s u l t  i n  m o t h e r .  Therefore,  t he  

problem is  dlvided i r i to  the  classes of bubble growth and bubble 

co l l apse .  

V 

The bour ,Jug 

Bubble Ccl laFse 

The t h e o r e t i c d  solut ior ,  f o r  t h e  dynamic behavior of a c o l l a p s i c g  

bu5ble has been t h e  sub jec t  o f  many i n v e s t i g a t i o n s  b e g i m i r g  when L o r i  

Rayleigh (4) f i r s t  gave a ~ o l u t i o n  tc Equation (11-1) f o r  t h e  case wh?re 

i s  a cons tan t .  If t h e  v i s c o s i t y  and s u r f a c e  t ens fon  .terms ar.e neg- 

l e c t e d  ’in q u a t i o n  (11-219 i t  reduces t o  

- .. 
R R  + 1.5R2 = -- 

pL 

R q l e i g h  sc lyed  Equcticn (11-3) f o r  t h e  case  where P- - P - was ass-msd 

t o  be constznt 

t r o l l e d  c o l l a p s e .  

i? -u 

‘F’ni 3 assmpti:t,n p h y s i c d l y  r e p r e s e n t s  i n e r t i a  coa- 

F A t z  (5 )  a d  McNitto acd Snit?- (7) preseii5ed t ab~ l - l r  

results for t he  pob1l-m considerc-d by Rayleigh. 

P l e s s e t  and Zwick (8) and ( 9 )  recogr,ized t h a t  any change ir: t h e  

s ize  c f  a vapor bu5ble was accompanied by a change I n  t h e  l i q u l 2  ?exper- 

a t u r e  i r i  a t h i n  s h e l l  arow-d the  bx’obie beca;;se of  t h e  l a t e x t  heat of 

c a p r i z a t i c c  3,r condensatlGn requ i r caen t .  They solved t h e  r:_g,n-stealjr 

heat d i f f u s i o n  prcbler! k i i t h  ZC-TPH~ spPLerlcd. bounc?ary 50 o b t a l n  

I 
I 
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t a p e r a - t u r e  dis t r ibu?i .cn aycuid :?E i,-apr.,- bubble 

t h e  temperatw-e is 

Thelr  solut icrr  fci 

0 

0 .  
8 .  

(11-4) 

T(t) = temperature at t h e  bubble w a l l  

T = i n i t i a l  temperatme of the l i q i l i d  e 

x axd y = v a r i a b i s s  of  i n t e g r a t i o n  

R(x) = bibble  wsll r a d i u s  dependent on t h e  i n t e g r a t i o n  

v a r i a b l e ,  x 

R(y) = bubble w a l l  r a d i u s  depenlent on t h e  i n t e g r a t i o n  

v a r i a b l e ,  y 

a = thermal d i f f u s i v f t y  

k = thermal conduct ivi ty  

q ( t )  = h e a t  source per u n i t  volJme (by r a d i a t i o n )  

r = spherical cc~ordiriate 

a d  t = time. 

Th i s  p a r t i c u l a r  so iu t io r ,  i s  v a l i d  f o r  t h e  a s s m p t i o n s :  

1. The Semperat7L-e change Sn the l i q u i d  effecSi-reiy t&es  

p lace  i n  an i n f i n i t e l y  t t i n  bomdary l a y e r  arouxd t h e  

bubble. "he first o r d e r  approximation giver, he re  

s a t i s f i e s  t h i s  assunp5irJn. 

2. The bubble i s  s t a t i o r s r y  with respect; t o  t h e  I fqu id .  

P l e s s e t  arid Zxick assunled t h a t  t h e r m 1  equi l ibr ium e x i s t a d  inside 

t h e  vapor bubble. Tneg ne.gler.ted the motion o f  t h e  vapcr a i d  as;uwd 
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t h a t  t h e  vapor pressure,  Pv, was equa l  t o  the  equi l ibr ium vapor p r e s s u r e  

of t h e  l i q u i d  a t  t h e  temperature of  t h e  bubble w a l l .  Equations (11-3) 

and (11-4) m u s t  be solved simultaneously f o r  the c o l l a p s e  of t h e  vapor 

bubble. 

Plesset and Zwick solved these  equa t ions  numerical ly  f o r  one s e t  of 

l i q u i d  c o n d i t i o n s  and found t h a t  t h e  s o l u t i o n  was almost i d e n t i c a l  t o  

t h e  Rayleigh s o l u t i o n .  

t h e y  chose was f o r  a vapor bubble i n  water subcooled by 110'R. 

c o n t r o l l e d  c o l l a p s e  is dominant for water subcooled g r e a t e r  t h a n  approx- 

i m a t e l y  4G'R because the co l l apse  o c c u r s  so r a p i d l y  t h a t  t h e  e f f e c t  of 

temperature  change i s  neg l ig ib l e  (1) 

p l e t e l y  domimted by l i q u i d  i n e r t i a  e f f e c t s .  

This  should have been expected s i n c e  t h e  c a s e  

I n e r t i a  

Therefore ,  t h e  c o l l a p s e  w a s  com- 

F lo r schue tz  and Chao (1) i n v e s t i g a t e d  Equations (11-3) and (II-l t)  

t o  t h e o r e t i c a l l y  determine the e f f e c t  o f  v a r i o u s  f l u i d  c o n d i t i o n s  on 

bubble c o l l a p s e .  Their  i n v e s t i g a t f o n  provided information on bubble 

c o l l a p s e  c o n t r o l l e d  by heat  transfer, bubble c o l l a p s e  c o n t r o l l e d  by 

l i q u i d  i n e r t i a ,  and bubble co l l apse  where bo th  e f f e c t s  m u s t  be con- 

s i d e r e d .  

i n e r t i a  and heat t r a n s f e r  must be considered,  t h e  r e s u l t a n t  bubble 

motion may be o s c i l l a t o r y .  The r eason  f o r  t h i s  was t h a t  the energy of 

condensat ion inc reased  the  temperature of t h e  1iquiA around t h e  bubble 

which inc reased  t h e  vapor pressure.  

s i o n  o f  t h e  vapor bubble un t i l  the p re s su re  i n s i d e  t h e  bubble became 

large enough t o  cause bubble growth and r e s u l t a n t  cool ing of t h e  l i q u i d .  

The i r  t h e o r e t i c a l  s o l u t i o n s  p red ic t ed  t h a t  when both l i q u i d  

The l i q u i d  i n e r t i a  caused compres- 

The o s c i l l a t o r y  v i b r a t i o n  was dampened by t h e  t r a n s f e r  of  h e a t  away from 

t h e  bubble w a l l  i n t o  the  l i q u i d  by conduction and convection. 

Hsleh (10) developed the  bubble dynamics equa t ions  i n  t h e i r  a o s t  
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TABLE I 

SUMMARY OF BUBBLE COLLAPSE 

Radius Rmgz L'Lquid C s l l a p e  
Reference Fluid inches P r e s s u r e  TYP Svksooiing 

Knapp and 
Hollander water 0-01-0 24 

(2  1 

Plesset water 0.005-0.14 
(11) 

E l l i o n  water 0.004-0 02 
(12) 

GurLther water 0 0 oss-'3 0 @3 
(13) 

Levenspiel water 0.02 -0.2 
(14) a l c  o ho 1 

Flcrschuetz i iater 0.01-0 0 lh 
arid Chao 

(1) 

v a r  i a51 e 

v a r i a b l e  

const 

cons f  0 

cor.st e 

const .  

i n e r t i a  -- 

i n e r t i a  -- 

i n e r t i a  35-134'F 

i n e r t .  f a 60-130~~ 

i n e r t i a  1-2O0C 
heah t r a n s f e r  

i n e r t i a  5.2-13 oc 
heat. t ra r l s f  e r  

P i e s s e i  (11) an? Knapp ar.d Hol lander  ( 2 )  sol.icd Equation (11-3) 

ntzrnerlcsj-ly, p r e d i c t i n g  t h e  grc1d.h and! coi lapse of  va2or b u b b l ~ s  formed 
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Q .  

f9 

i:: water by t h e  c a r i i a t f o n  phsnocenozi. 

were placed i n  B f lowing water strean. 

termined from B e r n o u i l i j s  equatiofi 5y the  water ve loc icy  and t h e  t y p e  of 

o j s t a c l e  placed i n  the  at,-eam. Tie t h e o r e t i c a i  s o l u t i o n  l o r  both g_rctkh 

a.nd c o l l a p s e  was o j t a i n e d  by neg lec t ing  t h e  e f f e s t  of t h e  charigirrg temp- 

e r a t u r e  o€ t h e  5u5b;e xali .  

z r 3 l l e d .  

Varicus e x p r f n a o t a l  s b s t a c l e s  

f o r  Equation (11-3) wzs de- p=L 

TherefDre, t h e  c o l l a p s e  was i n e r t i a  e m -  

The c h e c r e t i c a l  sDLutisfis gave adequate p r e d i c t i o n s  of  t he  

experimental  behavior. 

E l l i o n  (12) and  Gfaather. (L3) genesat.ed vapor bubbles by super- 

They observed i n e r t i a  c m t r o l l e d  c o l l a p s e  after t h e  hea t ing  water. 

bubble moved away from t h e  heat ing su r face .  

Levenspiel  (14) generated bubbles '3y f o r c i n g  water vapor i n t o  a 

c o n t a i n e r  of water. 

h e a t  t r a n s f e r  e 

Bubble collapse was c o n t r o l l e d  by both i n e r t i a  a i d  

F lo r schue tz  and Chao (1) prcvided ,some expe r i rnen td  r e s u l t s  f o r  

bubble c o l l a p s e  c o n t r o l l e d  p r imar i ly  by h e a t  t r a n s f e r .  

BubSle Groyth  

P l e s s e t  and Zwick (8)  ( 9 )  dernonst.rited that, Equaticns (11-3) and 

(11-4) were a l s o  v a l i d  f o r  bubble growth. 

Forstss (15) solved t h e  heat. d i f f u s i o n  problem t o  o b t d n  a soiut . icn 

very sinlilar t o  t h a t  of P l e s s e t  arid Z d c k .  From his a n a l y s i s ,  

(11-5) 
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f3 

0 .  
!I- 

C = s p e c i f i c  hea t  of t he  l i q u i d  L 
and Pv = d e n s i t y  of t he  vapor. 

F o r s t e r  and Zuber (16) solved Equations (11-3) and (11-5) f o r  

bubble growth i n  a superheated l i q u i d .  

bubble growth (bubble growth a f t e r  R = 0,0015 cm) is 

Thei r  s o l u t i o n  f o r  asymptotic 

fL c L A T  * R =  (a t )  

where 

A T  = Too- Tsat 

and 

T = s e t u r a t i o n  temperature at P sat "LO 

P l e s s e t  and Zwick ( 9 )  obtained 

(11-6) 

Scr iven  (17), Birkhoff and Horning (181, and Dergarabedian (19) all ob- 

t a i n e d  an equat ion of t h e  type: 

R = A ( a  t) ib (11-8) 

where 

A = a constant  f o r  a given fluid condi t ion .  

Experimental v e r i f i c a t i o n  f o r  the t h e o r e t i c a l  bubble growth equa- 

t i o n  has  been provided by severa l  au thors .  

p rev ious  work. 

Table I1 i s  a summary of t h e  
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TABLE I1 

SUPDIARY OF BUBSLE GROYTH 

Reference F l u i d  
Radius Range 

i n c h e s  Superheating 

Derg a r a b  e d i  an water 0 0 001-0 0 01 1.4-6.3"C 
(19) ( 2 0 )  carbon t e t r a c h l o r i d e  

benzene 
e t h y l  a lcohol  
methyl a l coho l  

Fa reu f f  wzter 
McLean and 
Sche r re r  (21) 

Semerla water 
(22 1 

0.001-0.01 Se lec t ed  
t o  f i t  
t heo ry  

S t ani sz e waki water 0.002-0.06 -- 
ethanol  

-- 
(23) 

Dergarabedian (19) (201, Faneuff 

Senel-ia (22) a i l  obtained experimental  

t h e o r e t i c a l  s o l u t i o n ,  R = A( 01 t ) " ,  was 
1 - 

McLean, 

r e s u l t s  

v a l i d .  

mental work, i t  i s  r..ecessary t o  s h i f t  t he  t i n e  

and Sche r re r  (211, an+ 

i n d i c a t l n g  t h a t  t h e  

However, i n  a l l  experi-  

axis s i n c e  t h e  a c t u a l  

two reasons:  (1) bubbles time t h e  bub j l e  s t a r t e 6  t o  grow i s  unknown for 

sma l l e r  than 0.001 inches  a r e  almost i n p o s s i b i e  t o  photograph, ( 2 )  t h e  

s h u t t e r  speed of the  camerag used i n  ob ta in ing  experimental  results, 

must o p e r a t e  at a f i n i t e  r a t e  and t h e r e  i s  an u n c e r t a i n t y  of when t h e  

blibble was f i r s t  o b s e v a b l e .  Therefore,  an exact  experimental  determi- 

nat ior ,  of t h e  constant  of p r o p c r t i o n a l i t y  h a s  not. y e t  been compieted. 

Experimental e r r o r  and t he  unce r t a in ty  of the time when t h e  bubble i s  
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ffrst observable  allow t h e  value of A from Equation (11-8) t o  be d e t e r -  

mined i n  such a way t h a t  all a u t h o r s  claim agreement between t h e o r y  and 

experiment within t e n  percent.  

The experimental  work of StaniszwsXi (23) d i d  no t  f i t  t h e  t h e o r e t -  

ical s o l u t i o n .  However, h i s  bubbles  were observed while n e a r  a h e a t e r  

mit ,  and Zuber (24) pointed out  t h a t  a modified equat ion must be used 

f o r  t h i s  type of experimental d a t a .  

around t h e  bubbles was higher due t o  t h e  h e a t i n g  s u r f a c e .  

The temperature of  t h e  l i q u i d  
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- ANALYTICAL APPEOACH 

The equa t ions  governing vapor bubble dynexics were ii iscussed i n  

Chapter I1 and are developed i n  Appendix A .  

were made i n  t h e  development: 

The fol lowing assumptions 

D 

1. 

2. 

3 -  

4. 

5. 

6. 

7. 

8. 

9. 

10 e 

11 a 

12 0 

13 0 

14 . 
15 0 

e x t e r n a l  body f o r c e s  neglected 

cons t an t  v l s c o s i t y  

i r r o t a t i o n a l  flow 

incompressible l i q u i d  

v i scous  h e a t i n g  neglested 

l i q u i d  v e l o c i t y  at t h e  w a l l  equa l s  bubble w a l l  v e l o c i t y  

constant  f l u i d  d e n s i t y  

s p h e r i c a l  bubbles 

Newtonian f l u i d  

vapor inerL.ia neglected 

constant  tkermal p r o p e r t i e s  

uniform temperature i n  the  l i q u i d  

vapor v e l o c i t y  neglected i n  comparison t o  bubble w a l l  v e l o c i t y  

su r face  tensf-on neglected 

i n f i n i t e  l i q u i d  - 
The c o n t i n u i t y  equa t ion ,  t he  equat ion of no t ion ,  and t h e  ecergy equa- 

t l o n  were combined and s impl i f i ed ,  by t h e  above assumptions, t o  t he  
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and 

where 

.. P (T - P=,(tI. v w  R R  + 1.5R2 = 
pL 

( 111-1 1 

(111-2 

Pv(T = t h e  s a t u r a t i o n  pressure a t  the bubble w a l l  temperature 
W 
-5 

V = l i q u i d  v e l o c i t y  

T = l i q u i d  temperature 

and 

= h e a t  gene ra t ion  rate per unit  volume. 

The boundary cond i t ions  f o r  these equa t ions  a re :  

R ( t  = 0) = R,, ict = 0) = io ( 111-3 ) 

( 111-4) 

and 

[ -  
The vapor pressure,  Pv(Tw), of Equation (111-1) depends on the 

temperature of the  bubble w a l l .  

the s o l u t i o n  of Equation (111-2) with t h e  boundary c o n d i t i o n s  given. 

T h i s  f u n c t i o n a l  r e l a t i o n s h i 2  between Equations (111-1) and (111-2) 

The bubble wall ternzierature comes from 

r e q u i r e s  t h a t  t hey  be solved simultaneously t o  g i v e  t h e  s o l u t i o n  t o  t h e  

bubble dynanics problem. 

t aneous  s o l u t i o n  of t hese  equations,  i t  i s  d e s i r a b l e  t o  so lve  Equations 

(111-2), (111-4) and (111-5) for  t h e  bubble w a l l  temperature.  

Before exp lo r ing  the p o s s i b i l i t i e s  of a simul- 

Then, a 
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r e l a t i o n s h i p  bet.ween bubble w a l l  temperature and vapor p r e s s w e  can be 

used t o  reduce t h e  two equations t o  one. 

"he s o l u t i o n  of  t h e ,  energy equat ion,  Equation (111-21, i n v o l v e s  t h e  

No s o l u t i o n  

The 

s o l u t i o n  of a h e a t  t r a m f e r  problem with moving boundaries. 

in c l o s e d  form has been obtained f o r  t he  moving boundary cond i t ion .  

most prom?Eent approximation t o  a s o l u t i o n  t o  Equation (111-2) w a s  pre- 

s en ted  by P l e s s e t  and Zwiek ( 9 ) .  

are p resen ted  i n  Appendix B. 

h e a t  gene ra t ion  (4 = 01, neglect ing the V 

thermal boundaTy l a y e r  around t h e  vapor, and using the  boundary ccndf- 

t i o n  Equations (111-4) and (111-51, i s  

The e s s e n t i a l  s t e p s  of t h i s  s o l u t i o n  

The result of t h i s  p r e s e n t a t i o n  f o r  ze ro  
a 

V T term, a s s u n i r g  a t h i n  

(111-6) 

The s o l u t i o n  of Equations (111-1) and (111-6) simultaneously h a s  

not  been obtained f o r  the general  ca se ,  However, t h e  bubble dynazic 

problem ean be solved f o r  four  s p e c i a l  cases:  (1) bubble growth i n  a 

superheated l i q u i d ,  (2) bubble c o l l a p s e  i n  a h i g h l y  subcooled l i q u i d ,  

( 3 )  bubble c o l l a p s e  i n  a s l i g h t l y  subcooled l i q u i d ,  and (4) bubble 

growth and c o l l a p s e  under very fast t r a n s i e n t  p r e s s u r e s  i n  t h e  l iquici .  

The bubble d p a m i c  problem can be solved for bubble growth i n  a super- 

hea ted  l i q u i d  and bub l l e  co l l apse  i n  a s l i g h t l y  subcooled l i q u i d  because 

t h e  i n e r t i a  terms can be neglected and orily t h e  energy equa t ion  remains 

t o  be solved. 

neg lec t ed  and only Equation (111-1) remains t o  be solved. 

cases will be considered i n  the fol lowing paragraphs,  "he developaent 

For t he  o t h e r  two c a s e s ,  t h e  e f f e c t  of temperature  c a r  be 

These s p e c i d  
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of new t h e x e t i c a l  s o l u t i o n s  was n s t  attempted. The experimeatal  d a t a  

of t h i s  i n v e s t i g a t i o n  was taken f o r  f l u i d  c o n d i t i o n s  similar t o  the 

s p e c i a l  cases .  

Bubble Giowth i n  a Superheated Liquid 

When co var i a t i cc  i n  the  e x t e r n a l  p r e s s u r e s  occur,  asymptotic 

bubble growth i n  a superheated l i q u i d  is  c o n t r o l l e d  by t h e  h e a t  trans- 

f e r  rate a t  t h e  bubble w a l l .  Equation (111-1) shows t h a t  t h e  p o t e n t i a l  

f o r  bubble growth r e s u l t s  from t h e  d i f f e r e n c e  between t h e  p r e s s u r e  i n -  

s i d e  the  bd551e and t h e  e x t e r n a l  p re s su re  o f  t h e  l i q u i d .  

The p res su re  i n s i d e  t h e  vapor bubble i s  determined by t h e  tempera- 

ture  a t  tha  bubble w a l l .  This p re s su re  i s  t h e  s a t u r a t i o n  p res su re  at 

t h e  temperature of t he  bubble w a l l .  The m a x i m u m  value of vapor p r e s s m e  

occurs  when t h e  bubSle w a l l  temperature r eaches  the l i q u i d  temperature,  

T e The bubble w a l l  temperature at which no growth o c c u r s  i s  t h e  sa tu -  
0 

r a t i o n  temperature, T a s soc ia t ed  with 

t h e  bubble, P . 
S 00’ 

00 

When the bubble wall temperature is 

t h e  l i q u i d  p re s su re  away from 

g r e a t e r  t han  T t h e  p r e s s u r e  
S W ’  

i n s i d e  the bubble i s  h ighe r  than the e x t e r n a l  p re s su re ,  and the  bubble 

starts t o  grow. 

pro-vide growth, and t h e  hea t  of  evaporat ion r e s u l t s  i n  t h e  cool ing  of 

However, evaporation must occur  a ;  t h e  bubble w a l l  t o  

t h e  l i q u i d  around the bubble t o  t h e  l i m i t i n g  t e z p e r a t u r e ,  T 

asymptotic growth i s  then c o n t r o l l e d  by t h e  h e a t  t r z i s f e r  rate t o  t h e  

The s 00- 

bubble w a l l  r equ i r ed  t o  provide t h e  h e a t  of v a p o r i z a t i o n  necessary f o r  

growth. The temperature s o l u t i o n  of Equation (111-6) t ends  toward 

T(R, t )  - T = T - T 
0 s- 0 



f o r  asymptotic growth. 

The d c t a i l s  of t he  so lu t ion  of t h e  governing equat ions are pre- 

sen ted  i n  Appendix C. The r e s u l t  of t h i s  s o l u t i o n  i s  Equation (C-141, 

(111-7) 

Equation (111-7) r e s u l t s  f rom the a n a l y s i s  of  P l e s s e t  and Zwick 

(9). References (171, (181, and (19) a l l  a r r i v e d  at t h e  conclusion t h a t  

1 
R = A ( a t I Z .  (111-8) 

The r e s u l t s  of  F o r s t e r  and Zuber (161, Equation (11-619 gave a coe f f i -  

c i e n t  of t' t h a t  va r i ed  from t h a t  of Equation (111-7) by n ine  percent .  

The o t h e r  au tho r s  e i t h e r  used a c o e f f i c i e n t  a l r eady  determined o r  l e f t  

the  coe f f i c i en% -In an indeterminant foim. The va lue  of t h e  c c e f f i c i e n t  

w a s  determined by t h e  assumptions made i n  t h e  s o l u t i o n  o f  t h e  energy 

equation. A d i scuss ion  o f  the experimental  v e r i f i c a t i o n  of  t he  theo- 

r e t i s d l y  determined c o e f f l c i e n t  i s  presented  i n  t h e  r e s u l t s  or' tIh2.s 

i n v e s t i g a t i o n .  

Butble Collapse i n  a Subcooled Liquid 

I n e r t i a  con t ro l l ed  co l lapse  and temperature cont . rol led c o l i a p s e  

a r e  two s p e c i a l  c a s e s  of bubble co l l apse  t h a t  can be solved i n  a n  ap- 

proximate form. I n  i n e r t i a  cont ro l led  co l l apse ,  t he  i n i t i a l  value of 

P (T ) - P (t) of Equt,tlon (111-I) is  so l a r g e  t h a t  t he  l i q u i d  f r i e r t i a  

completely dominates the  ccl lapse.  

with co i lapse  never s ign i f i ca r - t l y  a f f e c t s  the  s o l l a p s e  rate,  t h e r e f o r e ,  

v w  QJ 

The r e s u l t a n t  i n c r e a s e  i n  PV(Tw) 

I 
\ 
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t h e  soiu5ion of EquatPon (111-6) s imul tmeous ly  with Equation (111-1) i s  

not  necessary.  The only  equation t o  be solved f o r  i n e r t i a  c o n t r o l l s d  

c o l l a p s e  Is: 

where P (T - PDO(t> 5 s  assumed t o  be a cons tan t .  This cons tan t  h a s  v w  

been c a l l e d A P  i n  s e v e r a l  references.  

Y = R/Ro4 is  made in t he  above equat ion,  t he  equat ion becomes: 

When a change of v a r i a b l e s ,  

8 

. 6 P  0.  

Y Y  t 1.5~2 = - . 
PLRd 

( 111-9 1 

Equation (111-9) i s  the  Rayleigh equat ion  and the s o l u t i o n  is 

e a s i l y  obtained i n  t h e  follodng manner: 

0 1 d  A P  - (y3y2) =: - . 
2 Y 2 f  dt fLR03 

( 111-10) 

For i n e r t i a  c o n t r o l l e d  c o l l a p e ,  the r i g h t  s i d e  of Equation (111-10) i s  

a cons t an t  and oEe in t egya t ion  of the equat ion g i v e s  

. 
Sols.ing f o r  'Y and i n t e g r a t i n g  aga in  g i v e s  

T h i s  can be sclved f o r  a zero lciser l i m i t  o f  i n t e g r a t i o n  by garma 

- 
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func t ions .  No a d d i t i o n a l  a n a l y t i c d .  work was done i n  t h e  a r e a  of 

i n e r t i a  c o n t r o l l e d  c o l l a p s e  because all o f  the  experimental  d a t a  of the 

p r e s e n t  i n v e s t i g a t i o n  was taken f o r  f l u i d  c o n d i t i o n s  where bubble 

. c o l l a p s e  was cGntrol led by the bubbie w a l l  temperature.  

Temperature, o r  h e a t  transfer, cont . rol led c o l l a p s e  is de f ined  t o  be 

c o l l a p s e  gcverned by Equations (111-1) ar,d (111-6) where t h e  i n e r t i a  

term, R B + 1.5 R2, is  assumed t o  5e  zero. 

a p p l i e d  t o  Equation (111-1); 

.e 

If t h i s  assum?tion i s  

T h i s  r e q u i r e s  t h a t  

For t h i s  condi t ion,  Equation (111-6) 

The s o l u t i o n  of  Equation (111-13) is 

beccrnes 

dx. 

(111-12) 

(111-13 1 

g iven  i n  Appendix C. An i n d i c a t i o n  

of t h e  f1d .d  cond i t ions  u d e r  which Equations (111-1) and (111-6) must 

both be considered f o r  t he  s o l u t i o n  is a l s o  given i n  Appendix C. 

The error int roduced by neg lec t ing  t h e  bubble m3tion with r e s p e c t  

t o  t h e  f l u i d  i s  inherent, i n  Equation (111-13) because i t  was develcped 

by neg lec t ing  t h e  e f f e c t  of  t h i s  term. A s tudy of t h e  e f f e c t s  of t h i s  

e r r o r  on bubble behavior p red ic t ed  by the above a n a l y s i s  i s  presented i n  

Chapter V I .  
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Bubble Dynamics With T r a s z e n t  L2qv.Td P r e s s u r e  

When a t r a n s i e n t  pressure o c c u r s  i n  t h e  l i q u i d ,  t h e  term, 

P (Tw) - P,(t>, becomes a v a r i a b l e  f o r c i n g  f u n c t i o n  i n  Equation (111-1). 

The t r a n s i e n t  p r e s s w e  i s  rep resen ted  by P,(t). 
V 

If t he  t r a n s i e n t  p re s -  

s u r e  OCCUTS r a p i d l y  enoush, the h e a t  t r a n s f e r  is small and t.he vapor 

p re s su re  i n s i d e  t h e  bubble 13 approxirnstely c o n s t m t  Hcwever, when 

t h e  t r a n s i e n t  p re s su re  OCCUTS slowly, t h e  e f f e c t  of a change i n  t h e  

vapor p res su re  must be considered. The frequency of the  t r a n s i e n t  pres-  

sure determines the  t.y-,e of s o l u t i o n  tha t  must, be made. 

The numerical s o l u t i o n  of Eq:Lation (111-1) p r e s e n t s  no problems i f  

t h e  e f f e c t  of  vapor p re s su re  and the  corresponding Equation (111-61 nay 

be neglected.  

g iven  i n  Appendix C. 

A numerical s o l u t i o n  usfng t h e  Runge-Kut.ta technique i s  

This s o l u t i o n  w a s  w r i t t e n  f o r  a p a r t i c u l a r  t r a n -  

s i e n t  p r e s s u r e  and n e g l e c t s  the e f f e c t  of  vapor p re s su re  v a r i a t i o n .  

The s o l u t i o n  d i d  not  converge f o r  increments  i n  time g r e a t e r  t h a n  one 

microsecond. 

When t h e  vapor p re s su re  n u s t  be considered, Equations (111-1) and 

(111-6) must be solved simultaneously.  Th i s  s o l u t i o n  may a l s o  be accom- 

p l i s h e d  by numerical methods, but  Equation (111-6) r e q u i r e s  t h e  s to rz  ge . 
of R and R f o r  each s t e p  of the  numerical process .  The sarne time s t e p  

w a s  r e q u i r e d  f o r  coniergence and t h e  s o l u t i o n  was not  i nc luded  i n  t h e  

p r e s e n t  i n v e s t i g a t i o n  because of t h e  computer time and s t o r a g e  r e q u i r e -  

ment. An ex tens ion  of t h e  d i scuss ion  of t h e  problems a s s o c i a t e d  with 

t h i s  s o l u t i o n  is given i n  Chapter VI. 
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CHAPTER N 

EXF'ERIMDI TAL APPARATUS 

The goa l  o f  this experimental  s tudy was t o  o b t a i n  photographic 

r e c o r d s  of t h e  dynamic behavior of s i n g l e  vapor bubbles  i n  l i q u i d  

n i t r o g e n  under known 

temperature,  

c o n t r o l l e d  cond i t ions  of l i q u i d  p re s su re  and 

Figure 1 i s  a scheflatic d rLwing  of  t h e  bubble observat ion 

chamber cons t ruc t ed  t o  ob ta in  t h e  d e s i r e d  experimental  cond i t ions  and 

instrumentat ion.  

Outer Chamber 

The o u t e r  vacuum jacke t  of Figure 1 w a s  necessary t o  prevent f r o s t  

formation on t h e  l i q u i d  ni t rogen con ta ine r  windows and t o  reduce t h e  

hea t  t r a n s f e r  r a t e  t o  t h e  l i q u i d  n i t rogen .  Th i s  vacuum jacke t  w a s  con- 

s t r u c t e d  from fourteen i n c h  diameter carbon s t e e l  pipe with welded 

s t e e l  f l anges ,  The window f o r  t h i s  charr'3er was made of  one-half i n c h  

thick Plex ig la s .  A Viton O-ring w a s  used t o  seal t h e  window t o  t h e  

s t e e l  f lange. The f o r c e  of the vacuum helped t o  secure t h e  s e a l  with- 

out  t h e  i n t r o d u c t i o n  of severe clamping s t r e s s e s .  

The p res su re  between t h e  vacuum j a c k e t  and t h e  i n n e r  chan'oer meas- 

w e d  

checked us ing  a l e a k  d e t e c t o r  model PID-140 ,  made by t h e  Vacuum I n s t r u -  

ments Corporation. The vacuum pumping system c o n s i s t e d  o f  an o i l  dif- 

mm mercury on a McLeod gauge. The vacuum system w a s  l e a k  

fus ion  punp accl a Sargent duo-seal vacuun pump. The press-re between 
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Figure 1. Schematic V i e w  o f  Bubble 0bservz.ticn Chanber 



"&-e chambers of mm of mercury w a s  sdequate  f o r  t h e  prevent ion of 

f r o s t  formation on t h e  windows, 

page 126) this p res su re  was not low enough t o  produce a s ign i f i can t ,  re-  

duct ion i n  t h e  hea t  t r a n s f e r  rate t o  t h e  l i q u i d  ni t rogen.  Howe-rer, t h e  

According t o  Chelton m d  Mann (25, 

d u r a t i o n  o f  an experimental  observat ion w a s  l e s s  than f i v e  seconds and 

t h e  h e a t  t r a n s f e r  rate did not cause an observable change i n  t h e  l i q u i d  

c o n d i t i o n s  f o r  this s h o r t  t i n e .  

readings.  

T h i s  was checked us ing  t h e  thermocouple 

Liquid Nitrogen C m t a i n e r  

The i n n e r  chamber contained t h e  l i q u i d  n i t r o g e n  and had t h e  connec- 

t i o n s  necessary t o  measure the l i q u i d  cond i t ions ,  t o  c o n t r o l  t h e  l i q u i d  

c o n d i t i o n s ,  and t o  gene ra t e  vapor bubbles ,  It was cons t ruc t ed  from s i x  

i n c h  diameter s t a i n l e s s  s t e e l p i p e  wi th  welded s t a i n l e s s  s t e e l  f l a n g e s  

and f i t t i n g s .  All connections t o  t h e  i n n e r  chamber were made of s t a i n -  

less  s t e e l  t o  r e d u c e ' t h e  conduction h e a t  t r a n s f e r  t o  t h e  l i q u i d  n i t r o -  

gen c o n t a i n e r  by reducing the thermal conduct ivi ty .  A coo l ing  c o i l  was 

placed around a l l  connections t o  t h e  i m e r  chamber and l i q u i d  n i t r o g e n  

was forced through ; h i s  c o i l  during experimental  obse rva t ions  t o  reduce 

t h e  conduction h e a t  t r a n s f e r  down t h e  connect ions by reducing t h e  temp- 

e r a t u r e  g rad ien t .  

The windows on t h e  inne r  chain'aer were made of f ive -e igh ths  i n c h  

t h i c k  beveled pyrex glass. The thermal  s t r e s s e s  due t o  t h e  d i f f e r e n c e  

i n  t h e  thermal  expansion o f  pyrex g l a s s  and s t a i n l e s s  s t e e l  r e q u i r e d  

t h a t  t h e  pyrex g l a s s  be  f i r s t  a t t a c h e d  t o  a holder  made of i n v a r  metal. 

The l i n e a r  expansion of in.jar i s  a p p r o f i m t e l y  t h a t  of pyrcx f o r  t& 

temperature  racge of  t h i s  i n v e s t i g a t i o n .  Therefore ,  t t e  t h e r n a l  
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s t r e s s e s  i n  t h e  g l a s s  were not excessive.  The pyrex g l a s s  was glued t o  

t h e  i n v a r  holder  w i t h  Armstrong epoxy A-6. 

a t t a c h e d  t o  a s t a i n l e s s  s t e e l  f l a n g e  w i t h  t h e  Same epoxy, 

windows were purchased from the  CryoVac Company o f  Columbus, Ohio. 

t e f l o n  coated n e t a l  O-ring was t h e  s e a l  between t h e  s t a i n l e s s  s t e e l  

f l a n g e  of  t h e  window znd t h e  f l ange  of t h e  i n n e r  chamber. 

The i n v a r  ho lde r  w a s  t hen  

These two 

A 

Figure 2 i s  a view o f  the i n n e r  chamber. Three of t h e  f i v e  copper- 

constantan thermocouples can be seen i n  t h e  chamber. Two a d d i t i o n a l  

thermccouples were l o c a t e d  at t h e  s u r f a c e  and i n s i d e  t h e  h o r i z o n t a l  

c y l i n d e r  shown i n  t h i s  f igure.  The h o r i z o n t a l  c y l i n d e r  contained a 120 

ohm, one-half w a t t  e l e c t r i c a l  r e s i s t a n c e .  ArmstrGng A-6 epoxy w a s  used 

t o  hold  t h e  r e s i s t o r  i n  place. 

ternal  v a r i a b l e  power supply allowed t h i s  r e s i s t o r  t o  be  used as a vayi-  

a b l e  e l e c t r i c a l  h e a t e r  f o r  t h e  gene ra t ion  of vapor bubbles. 

E l e c t r i c a l  l e a d s  connected t o  a ex- 

A second method of  generat ing vapor bubbles  w a s  provided by t h e  

two v e r t i c a l  t ubes  l o c a t e d  i n  t h e  c e n t e r  a t  t h e  bottom of t h e  i n n e r  

chamber. These tubes  were connected t o  a high p res su re  gaseous n i t r o -  

gen tank through a valve system i n c l u d i n g  a so leno id  valve.  A micro- 

swi t ch  c o n t r o l l e d  t h e  

t o  be  forced i n t o  t h :  

The t h i r d  method 

chamber B o f  Figure 3 

solenoid valve al lowing p u l s e s  of  gaseous n i t r o j e n  

i n n e r  chamber. 

of  gene ra t ing  vapor bubbles  was t o  evaeaate  

and open t h e  so l eno id  va lve  connect ing this cham- 

b e r  t o  t h e  i n n e r  chanib*?r. The connection i s  shown i n  schematic form i n  

Figure 1. 

superheated l i q u i d  w’hich b o i l e d  r e a d i l y .  

used t o  provide t r a n s i e n t  i n c r e a s e s  i n  t h e  p re s su re  i n s i d e  t h e  i n n e r  

chamber. The chamber was charged w i t h  p re s su re  from t h e  gasecus 

The p r e s s a e  drop ob ta ined  by t’nis method r e m l t e d  i n  a 

Chamber A of Figure 3 was 

I 
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n i t r o g e n  b o t t l e ,  ar,d with the so l eno id  vd-ae t o  chamber B c losed ,  the 

chamber A solenoid was opened. 

l o c a t e d  abcve both chambers f o r  s a f e t y  a s a i n s t  power f a i l u r e  i n  t h e  

so l eno id  valves. 

A t h i r d  quick openirg mama1 valve w a s  

I n s t r l m e n t a t l c n  

Trans i en t  p re s su re  i n  the i n n e r  chamber was measured by a K i s t l e r ,  

model 6 0 6 ~ ,  p i e z o e l e c t r i c  t ransducer  with charge a m p l i f i e r  and o s c i l l o -  

scope. 

measurement.. 

could be measured by t h e  two manometers connected t o  chambers A a d  Bo 

For t h i s  measurement, i t  w a s  necessary t h a t  at l e a s t  one of t h e  solenoid 

v a l v e s  t o  t h e s e  chambers be open. 

D r i f t  I n  this system made i t  undes i r ab le  f o r  s t a t i c  p r e s s u r e  

S t a t i c  p re s su re  abcve t h e  l i q u i d  i n  t h e  i n n e r  chamber 

The copper-constantan thermocouples were used t o  measure t h e  l i q u i d  

n i t r o g e n  t m p e r a t u r e e  

and a Dig i t ec  potent iometer ,  made by United Systems Corporation, was 

used t o  measure the thermocouple emf. 

experimental  system is discussed i n  t h e  next  chap te r .  

The i c e  p o i n t  w a s  used f o r  a r e f e r e n c e  junct ioi i  

The complete c a l i b r a t i o n  of t h i s  

The Wollensak Fastax camera shown i n  Figure 4 w a s  used t o  r e c o r d  

t h e  e v e n t s  occurr ing i n  t h e  inne r  chamber. Experimental d a t a  were t aken  

f o r  camera speeds up t o  3500 p i c t u r e s  p e r  second uslng one hundred f o o t  

r o l l s  of s i x t e e n  mil l imeter ,  Kod& Tri-x r e v e r s a l  f i l m .  

f i e l d  photography were used at t h e  start of d a t a  recording.  

Bright  and dark 

However, 

For  b r i g h t  * b e s t  r e s u l t s  were obtained with b r i g h t  f i e l d  photography. 

f i e l d  photography, two 625 watt sun guns were placed on t h e  s i d e  of t h e  

t e s t  chaqber opposi te  t h e  carcera s i d e  and a s h e e t  o f  paper was placed 

between t h e  l i g h t s  and the p l e x i g l a s  window t o  provTde a d i f f u s i o n  
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scrzen.  

camera s i d e  of  t h e  t e s t  chaibero 

For dark l i e l d  phctcgra-sky, t h ~  i i g h z s  w c e  plzced on the 

The procedure f o r  f51Xrg t h e  i n n e r  chamber k i t h  l i q c f d  n i t r a g e x  

w a s  t o  f i r s t  t : x E  OR t ha  Sargezt duo-seal TaciiWn p2mlp m-til t h e  p re s su re  

i n  t h e  v a m m  space was 10 am of n;ezcwyo Tken, t h e  oil d i f f m i m  

pump w a s  put i n t o  ope ra t ion ,  

PO a d d i t l o n a l  decreasf  frl pressme could be cbtafrred in t h i s  system. 

Liquid n iwogen  from t h e  conta5cer of Fjgure 5 w a s  fo rzed  through t h e  

-2 

When the  vacuum reached lou3 m of mercury, 

cool ing  c o i l  placed mow-d the m n n e c t i c n s  t o  t h e  i n n e r  charnber. T n i s  

cooled t h e  inner chamber very slowly ant, the cool-down was monitored 

us ing  t h e  thermocouples ins ide  the fnnei chamber. After t he  fn_ner 

chamber had cooled dcwi t o  approximately 35O"R, a n i t rogec  f t l l  lice 

l o c a t e d  under the  h o r i z o z h l .  heazer of  E ' i g u e  1 ( z o t  v i s i b l e  i n  the  

f i g u r e )  was used t o  allow n i t rogen  vapor t o  f low i n t o  the  i n n e r  charr,'oer. 

Chamber B was cpened t o  t h e  a tmxphere  and t h e  so lenoid  77al.v8 5e?ween 

t h i s  chamber and t he  lnner ehanber was cpen. D u r 5 r - g  t he  s c o l - d a m  

phase, t h e  h e a t  i n  t h e  ex te r rA  l i r e s  wis t h e  source  used t o  i-aporlze 

t h e  l i q u i d  c i t r c g e n  and a low ;/apes ficw r a t e  i n sc red  r e l a X v e i y  slow 

cocl-down. 

thermal  s t r e s s e s  develcped OL she i n s l d e  s u r f a c e s  and at the  i n t e r f a c e s  

between t h e  d i f f e r e n t  n a t e r i a l s  of  t h e  inr-er  chamber. 

The problerr a s s g ? k ~ ? d  ifith very fast cool -dom was t h e  

Esentua l ly ,  t h e  system wctlld f l l l  rvith no change i n  the  abeve car-  

ditiioris, but, moTe rapPd ccol-dstm has ziccompiished by in s reas fng  +he 

nltrogen flow at the  tlme when a mail amcunr of l i q u i d  n i t rogen  had  

aecli-vili=7t,ed Tn the  bartorn a? rhe i m e r  c h m b n r .  F x m  the  time \\,herL t h e  
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valves were opsned except, t h e  oae to the l i q i r i d  n i t rogen  Z . G ~ L ' C ' C ? ~  

3 
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EXPERIMENTAL TECHNIQUES 

Ore of t h e  met .  inpartac: t e : h l q x e s  i n  an e x p e r i r e n t a l  i nves t fga -  

t i o n  is t h e  c a l i b r a t i o n  o f  a l l  measuring equipment. 

prcGedure for. thPs in.sestigat.ion Is g i w n  i n  the f o l l o - d n g  paragrzphs.  

Th3s prs.=eclwe w a s  ccrrple",ed 5e9ox-e a-?-d. a f t e -  each day of 

experimentaXcn. 

The c a l i b r a t i o n  

Ca l fb ra t ion  of Measurements 

The s ta t ic  preEs-wes frcm e i z h e r  chambe? A o r  shanber B of Figure 3 

were measured using t h e  rnez-cuTy f i l l e d  manometers stown. 

p re s su re  w a s  read on each day of experimental  o b s e r ~ ~ a t i o n .  

maoo;lloter arid knom b a r o n e t r i c  p r e s s w e  com5lEation ~ E S  cczsiclered t o  ke 

ZI stxndard f o r  p re s su re  measuremsnt. The combined err62 in static prea- 

s u r e  messu:rement on these  instrurrents  was 0.12 iccl ies  of mercury o r  0.06 

p s i a .  The pres su re  at. t h e  thermoeoapie l e v e l  I n  t l e  i m c r  c:",ariber was 

a p p r o x i m t e l y  4.5 i n s h e s  of  i i q u f d  riPt.rogerL or- r JoGIL  p ~ f a  higher  Ikan 

the p=.essure measured in chambers A and Be 

l e c t e d  fri comparison t o  t h e  e x o r  i n  t h e  n a m n e t e r  r , - ad%xe  

Barometric 

The mercury 

T h i s  sor.rect.ion was neg- 

Dyramic pres su re  was tneaswea wit.h a Kisr.ier SCGi Flez;e>e,-'.r-.? d . & ic: - 

..- transduce:, charge avpl -? f :~~-~  a22 s a s x l c s c o p e  e Tkla  dynamic Frees;:re 

measurin.g sys';ern \;as csLis_r.a.;ed st.a?ir:&ly ~x-2ej7 l i q u i d  r:.lt,rz..gcn c:cn::- -. 

. .  . .  
L$,-.*- ,,3-..3 using thn r;anc;~:..kers a a  ~ . Igh F?e5Si;lr.e z i r . r ~ g e n  gaz. Th.; 
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caXb~.a%€cz. was eonducled c r e i  :rle pA-ess~ue r a g e  used ir; t h e  expert- 

menta, 

150,OGO c y s l i s  pe=. sezozd. 

the I-iq-iid o o c u ~ e d  92 0.2 s ~ c o ~ d s ~  

t H a  transduzer was c c r > l s t . ~ l y -  =.elfable i3 zepyesentirig tke press-cze 

The djman5.c -esp.;nse cf  t h e  K2st.ler t.ransd.ilce,- w23 r s t e d  at. 

Tk:e fasl-es? traqsien: p ~ e s s u r e  c ' t la~ge Pn 

Tk-e.refc;.e, t h e  dynzmic respcnse of 

TEE teaperatuqe s igza l  was secsed 3y ca~p ; r - z sns t an fan  th2rix2- 

ccilpllss, r e f e x n s e d  t o  t,ht i c e  Fzinf us ing  t.ap water,  ayd rcessured wit.h 

a Dig i t ec  potent iometer ,  made by United Systems Corporation. Reference 

C269 page 159) s t a t . e3  that t h e  i c e  pfnt fs a rep roduc ib le  et=ldardo 

Figure 69  taken from p g e  2C6 of t h i s  refersrice, shows a p l o t  of s m e  

c a l i b r a t i o n  work on s e v e r a l  t .hemoeouples for t h e  s a m  arrsngement as 

t h e  o m  used i n  , t h i s  investiga?,ion. The range of temperat ines  i n  t h e  

p re sen t  i c v e s t i g a t i a n  was f m m  149 t o  150 degrees  Racklne, 

small range Figure 6 i r -d i ca i e s  that. t he  c h a g e  i n  t k i  nlc.rovoit, e r m r  

per  chaiige i n  temperature is r e r g  small. 

n o t  d i r e c t l y  used i n  the  c a l i b r a t i o n  s i n c e  a complete c a l i b r a t i o n  of  

t h e  temperature measurizL_g s y 5 . t ~ ~  used here  was nado f o r  sash per-iod of 

operation. The l i q u i d  r,i_trcgen xas alioNed t o  bGTi a t  a p r e s s u r e  ma_=,- 

w e d  by a manorneter zomec ted  t o  chamber A ,  and the  satui-atior,  tempers- 

t u r e s  fr.m S t x b r i d g  ? (27) vera cd . ibra? .ed  zga.ia.st t h e  n f l i im;? .  

For  t h i s  

Howe.:Ter, t h i s  i n f o r r n a t i m  W ~ S  
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by nfcrme:er measuremento A! 19qLid sltrogec t enpe ra tu re ,  t h i s  dfnen- 

s i o n  w a s  c a l c u l a t e d  from t h e  d a t a  of Seost  ( 2 8 )  t o  bi. 0.03.78 inches. 

The d ime:er  of t h i s  tube was Keas-ced f c r  eash pic);cre by d i v i d e r s  and 

s c a l e  a d  wzs used for the staridzrd length.. The projector remailled i n  

a 6  p o s l t f o ~ i ,  and t h e  rnsasured ElawC,er of the hypodermic needle w a s  

cor,stant a t  /641Q. 8 The irrfomat;lon gained from t n e  above procedure was 

used t o  convert  measured bubble diameter t o  a c t u a l  bubble diameter.  

m i  L ~ L S  s t e p  CcGpletes t h e  c a i f b r a t f o n  of every measwenient made i n  the 

expe r imer t a i  i~xes t . i gaY.on .  

Techniques i n  Recor-ding Data 

Expei-imental d a t a  ware taken for bl-ibble growth aqd c o l l a p s e  w i t k  

x i s t a n t  p re s su re  above the l i q d d  m d  f o r  b-&ble growth wi th  r a r i a b l e  

p re s su re  above t h e  l i q u i d ,  For constan;  pressure,  the Kis t le r  tranc- 

ducer was no t  used. 

p re s su re  above the  l i q d d  t o  r each  a s t eady  s t a t e  cond i t ion ,  and vapcr 

bubbles were generzted e i t h e r  by forcling gaseous r i i t rcgen fhrovgh t h e  

s t e e l  t u b e s  o r  by passing a cu r ren t  thraugh t h e  h e a t e r .  The high pres-  

s u r e  gaseous n i t r o g e n  bot t . l e  was equipped with a p res su re  regaLat.or 

vais;e f o r  adjust . ing t h e  scwce  p ras su re ,  F h u  ~ G I E  t h e  bcOtle w a s  csa- 

tro l led'by  a micros-ditch valve,  

necked t o  t h e  two vapor buble t u b e s  shcwx i n  F igu re  2. 

gat.e valve t o  a l low t h e  selectior, of  t h e  tube t o  be used t o  gene;a?e 

vapor bubbles. 

bu531e t o  be s t u l i e d .  

Approximately f i v e  minutes were allowed for t he  

The flow branched t o  two p i p e s  csn- 

Ezch p ipe  had a 

The tL 'be  s e l e c t e d  def.er-mined t h e  s i z e  o f  the wapcr 

Sfnce t.he 't.j.551es przdcced Zg t h i s  n?eth~;.d wsre superheated, they  
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were not measured until they  had r i s s n  through approxirxateiy oze i n c h  of 

l i q u i d  E-ltragen. 

neglected.  The bubble nieasureneLts were t e rmina te3  when t h e  bubble 

Any superheat l e f t  $2 t h e  5 ~ Y o l e  a f t e r  this t i n e  was 

moved t o  w i t h i n  one i n c h  cf ?.he l i q u i d  su r face .  Turbulence at t h e  slur- 

face made s t u d y  of t h e  Z-ibbles t h e r e  u s e l e s s  s i n c e  f l u i d  cond i t ions  were 

mkm-a. 

elect.rieaZ hea te r .  

Tho same F-rocedure was followed I'cr bxbbles formlng on the 

The therrnoc,3uple r e a d i x s  w r e  not  a f f e c t e d  whez 

c u r r e n t  was passed through the  e l e c t r i c a l  hea t e r .  No change i n  thermo- 

couple output  was observes t o  acccmpany t.he start of o p e r a t i o n  cf t h e  

e l e c t r i c a i  h e a t e r ,  

When t r a n s i e n t  p re s su res  were s t u d i e d ,  i t  w a s  necessary f o r  t h e  

The o p e r a t o r  t.0 perform f o u r  func t ions  i n  asproximately one second. 

o p e r a t i o n s  c o n s i s t e d  of s t a r t i n g  t h e  c a r e r a $  switching on t h e  o s c i l l o -  

scope sweep, gene ra t ing  vapor bubbles wi+.h a microswitch, and sw',tchirig 

one so leno id  valve t o  e i t h e r  charber  A o r  B t o  t h e  open posit . ion.  An 

e l e c t r o n i c  de l ay  c i r c u i t  was not f e a s i b l e  because t h e  bubble gene ra t ion  

method was not  r e l i a b l e  enough t o  a s s u r e  t h e  presence o f  a bubble by one 

microswitch cperatiori. Tnis  proc3dul.e r equ i r ed  se7;eral p r a c t i c e  TLCS 

be fo re  a i.011 of f i l m  could be used. AlthouSh the  experimental  tech-  

n iques  toad be impr wed,  e x c e i l e c t  r e x l t s  were ob ta i ced .  

The measu-ements of  bubble diameter were taken alccg %he m a j o r  and 

minor axis of t h e  Subble, and t h e  average diameter w a s  used, 

d:mensTond shape of i i car iy  a l l  bubbles vas  e l l i p s o i d a l  ., 

The two- 

Tile exyerimer:- 

td d a t a  of refr-renzee (11, (21, (121, (131, (141, (131, aqd ( 2 0 )  were 

analyzed by t h i s  nethod, F lo r sc tue t z  and Chao (1) used a d rcp  ci?m.-ger 

fn t h e i r  experimental work ar,d s c l l l  had non-spherical  b-Jbbles. 

expsrixiental work dor,e Pr, these refe?eri: es bxis cocpared ia.rora5l.y :&th 

The 
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t h e  t h e o r e t i c a l  work where ihe s p h e r i c a l  shape was assmedo Appar-ent-ly 

the  s p h e r i c a l  assuqpt ion  caused only  srr.all e r r o r  i n  t h e  a n a l y s i s  s i o z e  

a l l  e x p e r i m n t a l  work has a c t u a l l y  been done on the  non-spherical  

bubble e 
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CHAPTER VI 

RESULTS AND DISCUSSION OF RESULTS 

The experimental  d a t a  recorded i n  t h i s  i n v e s t i g a t i o n  were used t o  

determine whether o r  n o t  t h e  t h e o r e t i c a l  s o l u t i o n s  of  Chapter I11 could 

be app l i ed  t o  l i q u i d  nitrogen. The experimental  l i q u i d  n i t r o g e z  cocdi- 

t i o n s ,  r e s u l t i n g  i n  bubble growth with constant  l i q u i d  p re s su re ,  were 

similar t o  t h e  cond i t ions  i n  non-cryogens i n v e s t i g a t e d  by o t h e r  a u t h o r s o  

A summary of t h e  experimental work i n  nm-cryogens w a s  pres,  anted in 

Table 11. 

Ekperimental d a t a  on vapor  bubble c o l l a p s e  c o n t r o l l e d  by h e a t  

t r a n s f e r  was p rev ious ly  l i m i t e d  t o  the  ,qork of F lo r schue tz  and Chao ( l l 0  

The i r  s tudy  w a s  made us ing  a drop chamber t o  e l i m i n a t e  t h e  e f f e c t  of 

g r a v i t y .  

c o l l a p s e  i n  t h e  presence o f  a g r a v i t a t i o n a l  f i e l d .  

i n v e s t i g a t i o n s  gave i n d i c a t i o n  t h a t  t h e  t h e o r e t i c a l  p r e d i c t i o n s  f o r  ? e a t  

t r a n s f e r  c o n t r o l l e d  c o l l a p s e  need modif icat ion.  

The p resen t  i n v e s t i g a t i o n  considered h e a t  t r a n s f e r  c o n t r c l l e d  

Both experimental  

The p resen t  i n v e s t i g a t i o n  a l s o  considered a l i m i t e d  amount of d a t a  

on bubble growth with a t r a n s i e n t  l i q u i d  p re s su re  and some in fo rma t ion  

on t h e  p e r s i s t e n c e  time of vapor bubbles. 

bubble growth with cons t an t  l i q u i d  p re s su re ,  bubble c o l l a p s e  with con- 

s t a n t  l i q u i d  p re s su re ,  bubble growth with v a r i a b l e  l i q u i d  p re s su re ,  and 

bubble p e r s i s t e n c e  time are presented ic t h e  fo l lowin3  pages. 

The experimental  r e s f i t s  for 

39 
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Discussions of each of the  above expzrirrzntai  r e s u l t s  a r e  a l s o  i cc l cded .  

Bubble Growth With Constant, Liquid P r e s s u r e  

Vapor bubble h i s t o r i e s  were recorded on f o u r  r o l l s  of f i l m  f o r  

l i q u i d  n i t r o g e n  sliperheated above e q u i l i b r i - m  c o n d i t i o n s  3.8, 4.1, 6.8, 

and 8.0 degrees  RaMr-e.  

t h e  t i n e  when t h e  measurements of  bub3l.e diameter  were made. The f i r s t  

measurement of bubble diameter f o r  each s e t  of  experimental  r e s u l t s  w a s  

taken a t  an a r b i t r a r y  but  LL&II=,-~ t ime, A corresponding t o  a pa-pticu- 

lar frame of f i l m  where a timing mark w a s  recorded. 

t h e  first measurement and all o t h e r  measurements w a s  determined by 

count ing t h e  t i m i n g  marks and knowing t h s t  t h e  d i s t a n c e  between two 

t iming marks r ep resen ted  1/120 seconds. 

The pressu-e a3ove t h e  l i q ~ d  w a s  cons t an t  f o r  

The time between 

The Plesset-Zwick s o l u t i o n  f o r  bubble growth was t h e  t h e o r e t i c a l  

s o l u t i o n  s e l e c t e d  f o r  t he  c o r r e l a t i o n  of experimental  data .  The solu- 

t i o n  used was Equation (111-71, 

(VI-1) 

Seve ra l  o t h e r  r e fe rences ,  (191, (201, and (211, uscd t h i s  sane equat ion 

for c o r r e l a t i o n .  

were measured f o r  each experimental observat ion.  

information on t h e  p r o p e r t i e s  of  n i t r o g e n  from S t r o h i d g e  (27) .  and 

The temperature and p res su re  of  tile l i q u i d  rdtfrogen 

This i n f o r n a t i o n  and 

1 
Johnson ( 2 9 )  were used t o  determine t h e  c o e f f i c i e n t  o f  t" i n  Equation 

(VI-1). 

c a l c u l a t e d  and p l o t t e d  along with t h e  experimental  r e s u l t s .  A set. of 

sample ca l cu la t i c ,n s  f o r  one t h e o r e t i c a l  curve i s  g i v e n  i n  Appendix 3-  

"he t h e o r e t i c a l  curve f o r  each s e t  o f  f l r l d  CondTticns was 
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Tables  of all t h e o r e t i c a l  and expe-inental  va lues  p l c t t e d  f o r  each s e t  

of f l u i d  condi t ions  a r e  also given  9n Plppendfx D. 

The problem of determinirg t h e  id t ia l  t i n e ,  toy when t h e  51;5ble 

w a s  f i r s t  measured hhs been eccounfered i n  all experimental  i nves t iga -  

t i o o s .  

t ime i s  zero ,  ar,d bubble r a d i u s  i s  an %mi-easing func t ion  of time. 

some? experimental  work, (191, (201, and (211, one frame c n  a roll of  

bubble d a t a  f i l m  w a s  blank and t h e  next  frame had a measurable bubble 

on i t e  

determined more accu ra t e ly  thm- t h e  time between frames o f  f i lm.  

Dergarabedian (19) experimentally determined the  i n i t i a l  t ime t o  be l e s s  

According t o  E q u a t i a c  (VI-11, t h e  bG351e r a d i u s  is ze ra  when 

I n  

The time when the  Subble f i r s t  s t a r t e d  t o  grow could not  be 

than  0.001, seconds by t h i s  method. S ince  Yne exac t  de te rmina t ion  of t 

was impossible  experimentally,  a combination of a n a l y t i c a l  and expe r l -  

mental  techniques has  been appl ied t.0 t h e  s e l e c t i o n  of t h e  i n i t i a l  time. 

0 

A look a t  t h e  coord ina tes  of t h e  f i r s t  two experimental  p o i n t s ,  (Bo, t o )  

and (%, t p h y s i c a l l y  r e p r e s e n t s  

a s h i f t  of t h e  time ax i s .  I n  all experimental  work, t h e  t ime s h i f t  has 

beer, s e l e c t e d  by some combination of  a n a l y t i c a l  and experimental  tech-  

niques.  

+ A t ) ,  shows t h a t  t h e  s e l e c t i o n  of  t 
0 0 

Two of these  methods a r e  d iscussed  i n  t h e  fol lowing paragya:)hs. 

I n  t h e  present  i nves t iga t ion ,  the  method of genera t ing  vapor 

bubbles  and the  tech.dqce of neasuring t h e  vapor bubbles a f t e r  they  had 

moved through one inch  of l i q u i d  r e s u l t e d  i n  very l a r g e  i n i t i a l  bubble 

diameters .  The time a x i s  

w a s  s h i f t e d  so t h a t  the f i r s t  measured diameter  w a s  forced  t o  l i e  on t h e  

t h e o r e t i c a l  l i n e .  

Therefore ,  t h e  i n i t i a l  t ime, tot w a s  l a rge .  

It is  obvious t h a t  a s e l e c t i o n  of i n l t i a l  time, by an averaging 

method would r e s u l t  i n  a b e t t e r  f i t  betiween experiment and theory.  One 
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C I -  

averaging scheme would be: 

1 
R n = A(ton + nAt)" 

a n d  

where 

B = measured r a d i u s  n 
A = c o e f f i c i e n t  of :' i n  Equation (VI-1) 

1 

(VI-2 ) 

A t  = time between timing marks on the  frame where the  bubble . 

w a s  measured 

n = index of t i m i n g  marks 

k = t h e  number of measurements 

and t = i n i t i a l  time ca lcu la t ior :  from Equation (\T-2)* 

However, o r e  purpose of t h i s  i n v e s t i g a t i o n  was t o  determine how accu- 

r a t e l y  t h e  t h e o r e t i c a l  work of P l e s s e t  and h i c k  could p r e d i c t  bubble 

growth. 

t o  f i t  t h e  theory exac t ly  was mcre appropr ia te .  

d i c i t i n g  a l l  o the r  p o i n t s  w a s  a measu_re of t he  v a l i d i t y  of t he  P l e s s e t -  

Zwick theory.  

s h i f t ,  used i n  t h i s  i nves t iga t ion ,  was t h a t  an e r r o r  i n  t h e  measupernent 

of the first bubble produced an e r r o r  i n  t h e  s e l e c t e d  time shift. 

on 

For t h i s  purpose, the method of r e q u i r i r g  t h e  f i r s t  d a t a  po in t  

The accuracy of pre- 

One disadvantage of t h e  method of s e l e c t i n g  the  time 

Figures 7, 8, 9 ,  and 10 show t h e  comparison be t i een  t h e  t h e o r e t i c a l  

Equation (VI-1) and the  experimental  d a t a  of n ine  d i f f e r e n t  vapor 

bubkles under fou r  d i f f e r e n t  l i q u i d  condi t ions .  

for each experimental  run  w a s  r equ i r ed  t o  l i e  on t h e  t h e o r e t i c a l  solu- 

tier- by a s h i f t  of the t i n e  ais. 

The i n i t i a l  d a t a  p z i g t  
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LIT = 3.8 O F  

A - BUBBLE NO. I 

0 - BUBBLE NO. 2 
- BUBBLE NO. 3 

@ - BUBBLE NO. 4 - THEORY OF PLESSET AND Z W I C K  

I 
.06 .07 .08 .09 .IO . I5 

TIME,  SECONDS 

.O 3 
.O 5 

Figure 7. Bubble Growth in a Sugerheated LiquLd - 
Bubble Nos. 1-4 
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Figure  8. Bubble Growth i n  E. Superheated Liquid - 
Bubble No. 5 
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Dergarabedian (19) recorded t.he bubble h i s t o r y  f o r  a pe r iod  of 

0.015 seconds. 

f o r  a l l  previous i n v e s t i g a t i o n s .  

bubble h i s t o r i e s  f o r  pe r iods  of time t e n  t imes  longe r  than  t h i s .  

d a t a  p o i n t s  de -da ted  from the t h e o r e t i c a l  curve by l e s s  t h a n  twenty-five 

percent .  

from t he  t h e o r e t i c a l  curve by l e s s  than t e n  percent .  

d e v i a t i n g  from t h e  t h e o r e t i c a l  curve by more t h a n  f i f t e e n  pe rcen t  a r e  

bubbles Ember  1 and 4 of Figure 7.  Some of  t h e s e  p o i n t s  dev ia t ed  by 

twenty-two percent.  

in i t ia l  bubble r a d i u s  measuremert was i n  e r r o r  by t e n  percent .  

s h i f t  was c a l c u l a t e d  f o r  a t e n  pe rcen t  Larger bubble and t h e  d e v i a t i c n  

between t h e s e  a l t e r e d  d a t a  p o i n t s  and theo ry  was ca l cu la t ed .  

t h e s e  d a t a  p o i n t s  dev ia t ed  from t h e  t h e o r e t i c a l  s o l u t i o n  by l e s s  than  

f o u r t e e n  percent .  

urement of  t h e  i n i t i a l  bubble r a d i u s  could cause a r e l a t i v e l y  l a r g e  

d e v i a t i o n  between t h e  t h e o r e t i c a l  and eLqer im?n ta l  r e s u l t s .  

This was the l o n g e s t  peAod  of measured bubble h i s t o r y  

The p r e s e n t  f n v e s f i g a t i o n  measured 

All 

Howeverq eighty-nine percent  of a l l  d a t a  p o i n t s  were i n  e r r o r  

The only bubbles 

These two bubbles  ' e r e  r e p l o t t e d  asstuning t h a t  t h e  

The time 

A l l  of 

This  p o i n t s  o u t  t he  Fact t h a t  any e r r o r  i n  t h e  meas- 

Bubble Collapse With Constant Liquid P r e s s u r e  

Photographic r e c o r d s  of vapor bubbles were made f o r  l i q u i d  n i t r c g e n  

subcooled below equi l ibr ium cond i t ions  0.74, 0.90, 1.0, 1.2, 2.16, 2.23, 

2.88, 3.60, and 3.71 degrees  Rankine. 

measured and a r e  recorded i n  Appendix D. 

t h e  bubble wall v e l o c i t y  w a s  approximately ze ro  and this frane was 

a r b i t r a r i l y  s e l e c t e d  t o  be at t h e  i n i t l d  t f n e  of  ze ros  The reasori f o r  

Twelve bubble h i s t o r i e s  were 

A bubble w a s  observed u n t i l  

t h l s  s e l e c t i o n  was t o  s a t l s f y  t h e  i n f t i a l  cocd i t fons  imposed on t h e  

t h e o r e t i c a l  solution. Tkey were: 



48 

e 

at t = 0, R = R , a n d R = O .  
0 

8 

The bubble radius-time h i s t o r i e s  were t aken  from t h e s e  films and 

p l o t t e d  i n  F igu res  11 through 20. 

(1) i n d i c a t e d  t h a t  t h e  experimental r e s u l t s  f o r  s m a l l  d eg rees  of sub- 

coo l ing  could be c o r r e l a t e d  by t h e  t h e o r e t i c a l  s o l u t i o n ,  (Equation 

The r e s u l t s  of F lo r schue tz  and Chao 

where 

equat 

t H a n d R  a r e  

on wzs p lo t t e l  

0 

B 
r=1-$ 0 (VI-3) 

defined i n  t h e  list of symbolso Therefore,  t h i s  

on each f i g u r e  f o r  comparison. 

Two equa t ions  p r e d i c t i n g  t h e  c o l l a p s e  of vapor bubbles c o n t r o l l e d  

by h e a t  t rc ;nsfer  were developed i n  Appenlix C. 

e q u a t i o n ' t h a t  b e s t  p red ic t ed  the  Florsch-Jetz and Chao d a t a  f o r  a sub- 

coo l ing  of 5.6 degrees  Kelvin and less. The o t h e r  s o l u t i o n ,  Equation 

(C-221, gave t h e  b e s t  p r e d i c t i o n  f o r  subcooling of 9 t o  13 degrees  

Kelvin f o r  water. These conclusions came from t h e  d a t a  p l o t t e d  by 

Florschuetz  and Chao. 

experimental  d a t a  co l l apsed  more slowly than  the  c o l l a p s e  p red ic t ed  by 

t h i s  equatton. 

cooling. 

(C-22) and (VI-3). 

Equation (VI-3) w a s  t h e  

Equation (C-22) was a n  upper l i m i t  i n  t h a t  no 

Neither s o l u t i o n  could h m d l e  t h e  f u l l  range of sub- 

Figure 21a i s  a comparison of t h e  two s o l u t i o n s ,  Equations 

The scat ter  of d a t a  both i n  t h e  p re sen t  i n v e s t i g a t i o n  and i n  t h e  

i n v e s t i g a t i o n  of Florschuetz  and Chao w a s  s o  g r e a t  t h a t  i t  w a s  impos- 

s i b l e  t o  determine experimentally t h e  e r r o r s  i n  t h e  " h e o r e t i c a l  sola- 

t i o n .  A p l c t  af R/R ve r sus  t, ( c o t  presented here) was Tade f c r  t h e  

l i q u i d  n i t r o g e n  d a t a o  The dimensionless parameters included i n  t were 

0 H 

H 
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b. Sta t i c  Pressures o n  Free Body c. Forces on a Vapor Bubble i n  a 
Diagram of a Vapor Bubble. Grav i ta t i ona l  F i e l d .  
(Two D i m e n s i o n a l  View 1 

Figure 21. Considerations in Bubble Col lapse 
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found to be Inadequate fn t he  c o r r e i a t l x i  of the exlerlmentaT data. 

U s i n g  t h e  ? h e o r e t i r a l  EquatSori ( V I - 3 )  as a guide,  a sear-ch w a s  mad$ ta 

d e t e m i n e  t h e  add i t io r i a l  parameters recessar- j  t o  irn,-rove t h e  c e r r e l a t i o n  

of data. This  stlidy even tua l ly  r e s u l t c d  ir t h e  c o r r e l s t i o n  Equaf icm 

( V I - 1 0 )  0 

I‘he results of Flcrschuetz  and Chrto i n d i c s t e d  t h a t  tine experimental  

r e s u l t s  a i a i l s b l e  were i n s u f f i c i e n t  t o  r e s o l v e  t h e  b a s i c  dependency of 

t h e  d a t a  upon subcooling. The p resen t  experiment with 1iqwl.d n i t r o g e n  

gave t h e  s m e  conclusion, However, t h e  c o l l a p s e  rate f o r  l i q u i d  c i t ro -  

ger- inczeased,  beyond t h a t  pzedlcted by theoyy, nea r  t h e  end of col lapse.  

T h i s  result  was noted i n  Figures  11 throuzh 20, 

h i g h e r  c o l l a p s e  r a t e  near  the end of c o l l a p s e  w a s  absen t  i n  t h e  d a t a  of 

F lo r schue tz  and Chao 

This phecornenor, of  

Three p o s s i b l e  sources  f o r  t h e  d e v i a t i o n  between the  two experir?er,- 

t a l  works were found: 

n i t rogen ,  were used, (2) t h e  bubble d i a e t e r s  of F lo r schue tz  and Chao 

were approximately t e n  t imes l a r g e r  than those of t h e  p re sen t  study, and 

( 3 )  Florschuetz  and Chao used a drop-chamber t o  e l i m i n a t e  t h e  g r a v i i y  

e f f e c t  while t h e  g r s v i t y  e f f e c t  e x i s t e d  i n  t h e  p re sen t  study. Since one 

o b j e c t  o f  t h i s  i n v e F t i g a t i c n  was t o  demonstrate t h a t  no d i f f e r e n z e  

ex i s t s  between non-cryogens and l i q u i d  rd t rogen ,  t h e  f irst  p s s s i b l e  

m w c e  of dev ia t ion  was reserved t o  be s t u d i e d  o n l y  i f  LO o t h e r  r eason  

cculd be found f o r  t h k  c o n f l i c t  e 

(1) two d i f f e r e n t  f l u i d s ,  water and l i q u l d  

The b ibb le  r a d i i  of t h e  pyesenf s?ddy were ar- orde;. of mag?-J:ude 

s m a l l e r  t h m  those of Florschuetz  and C‘nao. Therefcre ,  tlre surface 

t e n s i o n  pi-nssilre, 20/”R, 

ent study. The s t a t i c  pressures  actir-g o n  t he  vasor bubble, giver, I n  

was an o r d e r  o f  magnitude h ighe r  f x  the pes- 
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F?,gure 21b, aze 

D .  

The s u r f a c e  t e n s i o n  w a s  neg lec t ed  i n  t h e  t k o r e t i z a l  wwk. The 

ef fec t .  of i nc lud ing  t h i s  tern i n  t h e  t h e o r e t i c a l  solut-llon would be t'ce 

pred le5 ion  of h5gher co l l apse  rate which could exp;ain t h e  observed 

r e s u l t s .  The o r d e r  o f  magnitude of t he  terms o f  Equatior- (VI-4) WBS 

considered f o r  t h e  case where t h e  s u r f a c e  t e n s i o n  e f f e c t  would be 

g r e a t e s t .  

For t h i s  r e s u l t ,  t h e  l i q u i d  p re s su re ,  P,(t), w a s  23.148 p s i a .  

F igu re  12, EquatiGn (C-181, and the  thermodynamic p r o p e r t i e s  f o r  nitro- 

gen, P (T ) was approximately 19.8 p s i a  (by a curve f i t t i n g  approxima- 

t i o n ) .  

term was O.GO6 ps ia .  

0.18 pe rcen t  l e s s  than  the  fo rce  when $he s u r f a c e  t e n s i o n  term w6s in-  

cluded. 

experiment and theory.  

Thc sma l l e s t  r ad iue  w a s  measured i n  t h e  d a t a  of F igu re  12. 

U s i r _ g  

v w  
For t h e  s m a l l e s t  valv\e o f  R,  0.0157 inches,  t h e  s u r f a c e  t e n s i c n  

The s t a t i c  force neg lec t ing  s u r f a c e  t e c s i o n  was 

This  e r r o r  could no t  account f o r  t h e  l a r g e  d e v i a t i o n  between 

A vapor bubble i n  a l i q u i d  must have a v e l o c i t y  with r e s p e c t  t o  t h e  

bulk l i q u i d  when t h e  system is  i n  a g r a v i t a t i o n a l  f i e l d .  

shows a n  i d e a l  ca se  of a vapor bubble 1,rit.h t h e  biioyancy fcyc-es 

f o r c e s  act.ing c n  it. photographic records of Tiapor bu'ables were 

Figurt  21c 

dr34 

used t o  measure t h e  v e l a c i t y  o f  v a r i o u s  s i zes  of vapor bubbles with 

r e s p e c t  t o  t h e  bulk l f q d d .  The va lue  of C of Figure 21c w m  dc te r -  

uilsed to be approxinacely G o $  frog t he  drag c o e f f i c i e c k  d e t a  of Blnder  

(30) ard ;he range o f  v e l o c i t i e s  measured. 

app l i ed  t o  t h e  ?rapor bubble t o  giv?  t h e  equat ion c 2  motlon of t h e  bQbble 

t d th  zespect  t o  t h e  bu2k i i q h l d ,  

D 

Mevkor7s secocd Law ',<as 
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v2 dVb g PL 0.15 ?L 

d t  pv R P, b 
- = - -  

where 

a z d  

O r e  f n t e g r s t i o n  of t b J s  equation t c g e t h e r  with the b o u x k r y  c o n d l t i m ,  

Vb = bubble ve loc i ty  with r e s p e c t  t o  t h e  bulk l i q u i d  

g = local a e c e l e r a t i c n  of g r a v i t y .  

9 when t = 0,  V = 0 b 

gives  

where 

The asymptotic s o l u t i o n  of Equation ( V I - 5 )  f o r  l a r g e  t i s  

(VI-5) 

( V I - 6 )  

where R is  i n  i w h e s .  

This equat ion compared favorably with the  experiniental rneasLrernents. 

Eske r t  and Dr&e (313 page 250) d i szas sed  t h e  h e a t  t r a q s f e r  t o  a sphere, 

of cons t an t  diameter,  roving through a f l l S d 0  

Nussel t  number f o r  th5.s t ype  sphere was 

The equa t f ca  f o r  t h e  

(VI-? 1 

Assimiri t h a t  a vapor bubble has a fixed d i m c t e r  ir-star,taneously, the 

heat transfer r a t e  from t h e  5ubble w a l l ,  using t h e  above ~ d n e  fzr Nud? 

I 
I 



B 

0' 

5s g i v e n  by: 

(VI-8) 

The h e a t  transfer ra%e used i n  Equation (B-2) 

t h e  ezergy equat ion,  w a s  

a boundary c o n d i t i o n  f o r  

An o r d e r  of magnitude corrparison of t h e  h e a t  t r a n s f e r  p red ic t ed  by 

Equat-lons (VI-8) a d  (VI-9) was made for F i g m e  12 from t h e  t h e o r e t i c d  

cur-iTe at time equal  0.08 s x o n d s .  

was marked. 

(VI-8) ga-re 4 = 4.8 x 

motior, of t h e  bubble r e l a t i v e  t o  t h e  bulk l i q u i d  caused more h e a t  t o  be 

t r a n s f e r r e d  away from t h e  bubble w a l l  t han  t h a t  a s s m e d  ic t h e  t h e o r e t i -  

cal  s o l u t i o n .  

only a t r end  of what was occurring. 

This p o i n t  on t h e  t h e o r e t i c a l  e u n e  

-6 Equation (VI-9) gave 4 = 8.68 x 10 Bt.u/see. and Equation 

Btu/sec. T h k  a n a l y s i s  i n d i c a t e d  that t h e  

This was only an o r d e r  oi' mgnituc?e e s t ima te  and gave 

I n  heat, transyer c o n t r o l l e d  c o l l a p s e ,  the c a 2 a p s e  rate i n z r e a s e s  

with i n c r e a s e  i n  hea t  t r a n s f e r  ra te .  Tnerefore,  a proper c o r r e l a t f s n  

o f  experimental  d a t a  should include a pc' raqeter f u n c t i o n a l l y  r e l a t e d  

50 t h e  heat  t r a n s f e r  due t o  bubble motion. 

iy used i n  the c o r r e l a t i o n ,  contained a l l  the parameters of E q u a t i m  

(VI-8) except bubble v e l o c i t y ,  bubble r a d i u s ,  Prandcl  n m b e r ,  ar-d 

v i s c o s i t y .  

f o r  t h e  temperature m n g e  of t h i s  study. 

bubble v e l o c l t y  i d t h  r e s p e c t  t o  the liqcld t o  be a furie",or, of bubbi;e 

r a d i u s  alone. 

c a t i o n  of t h e  o r i g i n a l  parameter and w a s :  

The parameter, tH$ id-%ai- 

The P r a n d t l  nuqber snd v i s c o s i t y  were approximateig constan: 

Equacior, (VI+) gave t h e  

The new p a r m e t e r  f o r  c o r r e l a t i o n  r e s u l t e d  from a mo",lfi- 
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I This modified p a a m e t e r ,  t H S  was used t o  c o r r e i a t e  t h e  experimental  

data. 

A p l o t  of R/Ro  ve r sus  t k  was made f o r  all t h e  d a t a  on bcbble 

co l l apse .  

s u i t e d  is t h e  c o r r e l a t i o n ,  

The a p p l i c a t i o n  of correla',i;l@; teckniques t o  t h i s  p l o t  re- 

R / R o  = 1 - lq (VI-10) 

where 

All d a t a  w a s  compared t o  t h i s  c o r r e l a t i o n  i n  F igu re  22. Two 20% e r r o r  

bands are d r a m  around t h e  c o r r e l a t i o n  Xquation ( V I - 1 0 ) .  

This type of c o r r e l a t i o n  l e a v e s  mwh t o  be d e s i r e d  in terms cf 

completeness of s o l u t i c n ,  The c o r r e l a t i o n  WES shovn t o  be .;did m l y  

f o r  h e a t  transfer c o n t r o l l e d  c o l l a p s e  i3  l i q u i d  n i t r o g e n  subcooled less  

than f o u r  degrees  Rmkine i n  t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d .  To g a i n  

more Ins3.gh-t: t o  a complete acilzt:xi, t h e  mec5arLsn.s G? h e a t  tr.ansr"er 

from t h e  Subble w a l l  must be more c l e a r l y  understood. 

r e s u l t e d  from the  experlrnental c o r r e l a t l o n  of  d a t a .  Therefore,  adTra?ces 

Equation (VI-8) 

i n  the t h e o r e t i c a l  area must be proeeedec! by a bas i c  study of t h e  k a t  

t r a n s f e r  process  a t  t h e  bubble w a l l .  The e x p e r i r e n t a l  method of pro- 

duclng a more complete s o l k t i o n  r e q u f r e s  the  s t u d y  of c o l l a p s i n g  vapor 

bubbles  i n  a wide v a r i e t y  of f l u i d s ,  f l u i d  cond i t ions ,  and graTfitatfons1 

f i e l d s ,  The p resen t  experimental kcowledge is l i m i t e d  t o  this in:;esti- 

g a t i a n  and the  work of Florschuetz  acd Cbao. 

e f f o r t  involved f n  o b t a i r i r i  a ccmpiete s z i u t i c n  exceeded t h e  t.9m 

Because t h e  ancur,< a? 
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c a p a 5 i l i t i e s  of this i n v e s t i g a t i o n ,  t he  p r e s e n t  s tudy  terminated with 

t h e  c o r r e l a t i o n  Equation (VI-10) 

Bubble Growth Wtth a Variable  Liquid P res su re  

Bubble h i s t o r i e s  were measured f o r  three bubbles  i n i t i a l l y  co i -  

l a p s i n g  IC a subcooled l fquid then  sub jec t ed  t o  a decrease i n  l iquSd 

p res su re ,  

seconds. 

alorg with t h e  pressure-time measurements. 

p l o t t e d  from t h i s  d a t a .  

show a p o r t i o n  of t h e  bubble c o l l a p s e  be fo re  t h e  p re s su re  decrease 

The p r e s s w e  decreased from 22,5 p s i a  t o  16.5 p s i a  i n  0.13 

“he diameter-time measurements are  p resen ted  i n  Appendix D 

F i g u r e s  233 24, and 25 were 

I n  Figure 23$ t h e  i n i t i a l  time w a s  s e l e c t e d  t o  

occurred. 

The computer program of Figure 26 w a s  w r i t t e n  t o  c a l c u l a t e  t h e  

bubble growth f o r  t h i s  t r a n s i e n t  p re s su re  (shown i n  F igu re  27 of Appen- 

d i x  D) f o r  an i n e r t i a  con t ro l l ed  process .  

c o l l a p s e  was def ined t o  be growth o r  c o l l a p s e  p r e d i c t e d  by Equation 

(C-1) n e g l e c t i n g  t h e  e f f e c t  of change i n  bubble w a l l  temperature.  The 

computer w a s  used i n  so lv ing  Equation (C-1) by a Runge-Kutta numerical  

i n t e g r a t i o n  method. 

F igu re  Z!30 

I n e r t i a  c o n t r o l l e d  growth o r  

The r e s u l t s  of t h i s  s o l u t i o n  a r e  a l s o  shown i n  

A eonparison of t h e  experimental  r e s - d t s  with t h e  i n e r t i a  csn- 

t r o l l e d  s o l u t i o n  demcnstrates that t h e  bubble growth was not i n e r t i a  

c o n t r o l l e d ,  A t h e o r e t i c a l  so lu t ion ,  which would p r e d i c t  the experiinen- 

tal results,  could be obtained on ly  by t h e  slmultaneous s o l u t i c n  of  

Equations (C-1) and (C-3). 

ods,  Equaticn ( C - 3 )  nusi b e  rearranged t o  avoid t h e  appezrazce of  a z e m  

i n  t h e  denominator. 

To so lve  t h e s e  equa t ions  by cumericzi  me.;h- 

The technique r e q d r e d  was &I i n t e g r a t i o n  by p a ~ t s  
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Equation (C-1) was solved numerically f o r  t h e  case wher 

pressure and t h e  vapor pressure were assumed t o  be cons t an t .  

t i o n  i s  t h e  Rayleigh s o l u t i o n  and sources  of i ts  s o l u t i o n  a r e  a v a i l a b l e  

( 6 )  (7). 

converge with l e s s  than one percent e r r o r  when t h e  s t e p  s i ze  i c  time w a s  

t h e  l i q n i d  

T h i s  solu- 

Tlne numerical s o l u t i o n  w r i t t e n  i n  t h i s  t h e s i s  was shown t o  

l ess  than  seconds. Since Equation (C-1) must be solved simultane- 

ously with Equation ( V I - l l ) ,  the time s t e p  f o r  both problems must be 

Pess  than one aicrosecond. 

i nvo lves  tie s t o r a g e  of  each of t h e  v a r i a b l e s  R, &, arid R f o r  each value 

assigned i n  time. 

g r a t e  t o  time equal 0.2 seconds f o r  s t e p  s i z e s  o f  one microsecond. The 

v a r i a b l e  l h f t  of i n t e g r a t i m  i n s i d e  t h e  i n t e g r a l  s.Pgr, of' E q u a t f m  

(VI-11) r e q u i r e s  t h a t  the i n t e g r a l  be c a l c u l a t e d  from time equal  ze ro  

f o r  each increment of t he  time v a r i a b l e .  S t o r i n g  R ,  R ,  and R i n  b locks  

on tape i s  the only method of ob ta in ing  t h e  stcragr c a p a 5 t g  r e q f i l x d ,  

When time i n  t h e  problsm i s  Ooi seccnds,  cne increment on time r e q u k e s  

a p p r o d m a t e l y  one huqdred exchmges of  i n f  ormation between coye aqd 

tape.  One hundred thausand i t e r a t i o n s  remaln t o  be tiade a t  t h i s  time. 

The time r2quirerneot on t h e  computer is SO l a r g e  t h a t  t h e  SbLLLtaiieous 

s o l u t i o n  of Equations (C-1) a d  (VI-11) was c o t  completed. 

The numerical s o l u t i o n  of Equatlon ( V I - i l )  
0. 

This  would r e q u i r e  600,000 s t o r a g e  spaces  t o  i n t e -  

. eo 

The experimental  d a t a  was bounded by f i t t i ng  a n  equat ion for  bubble 

70 

< 

performed on t h e  fntegrand.  

constar,t? Equation (C-3) becomes 

Upon i ~ i % e g r a t i o n  by p a r t s  and a s a m l n g  p; I 

(VI -11) 



growth through the  f i r s t  two d a t a  p c i n t s  o c c u r r f r i  a f t e r  t h e  decrease i n  

p re s su re  s t a r t e d .  

determining the  va lues  of t and A from the  two equat ions below: 

These t w o  d a t a  p o i n t s  furn ished  the  information f o r  

0 

R = A ( t  ) 8 
0 0 

and 

1 5 = A ( t  + 1/120)2 . 
0 

The A and t from the above equa t io r s  determined the  equation: 
0 

R = A(t  + A t )  i!? . (VI-12 ) 
0 

This equat ion was a l s o  p lo t t ed  i n  Figurc 23. 

One reason f o r  showing Equation ( V I - 1 2 )  i n  F igure  23 was t o  demcn- 

strate t h a t  t h e  parameter A was not  c o m t a n t  f o r  v a r i a b l e  p re s su re  con- 

d i t i o n s o  

depends on PV(Tw) - Poo(t>. Since t h i s  co l l apse  w a s  not i n e r t i a  con- 

t r o l l e d ,  t he  e f f e c t  of  P (T ) decreas ing  was l a s g e  enough t o  be con- 

s idered .  

demonstrated t h a t  PV(Tw) m u s t  be decreasing more slowly than  P,<t) 

because A must i n c r e a s e  t o  f i t  t h e  experimental  d a t a .  

t o  i nc rease ,  AT must increase .  

A T  i s  t o  increase .  

From Equatfon (VI-l)9 A was shown t o  depend on A T  which 

v w  
P,(t) was measured t o  be decreasing.  The plclt fn Figure 23 

I n  o rde r  f o r  A 

The pressure  d i f f e r e n c e  m u s t  i c e r e a s e  i f  

This  da t a  on bubble growth with r e l a t i v e l y  slow t r a n s i e n t  l i q u i d  

p re s su re  was presented  because no o t h e r  d a t a  of t h i s  type has been fou_r.d 

i n  t h e  l i t e r a t u r e .  Data of t h i s  type m u s t  be made a v a i l a b l e  t o  cbSain 

a knowledge of bubble dynamics c;n a low v e l x i t y  f l u i d  fiowizg t h n u g h  

v a l v e s  and piping.  



Pers i s t ence  Time of Vapor Bubbles 

When a vapor bubble c o l l a p s e s  t o  a point  where i t  is no l o r a e r  

v i s i b l e ,  t h e  h e a t  of  ccndensation remains s t o r e d  i n  the  l i q u l d  i n  t h e  

area where t h e  bubble was located.  Under some c o n d i t i o n s  of i n e r t i a  

c o n t r o l l e d  c o l l a p s e ,  t h e  energy s t o r e d  i n  t h i s  l i q u i d  h a s  been l a z g e  

enough t o  cause t h e  bubble t o  reappear  o r  rebound (2). 

t h e  bubble rebound may r e s u l t  from a combination of  t h i s  energy and a 

I n  o t h e r  c a s e s  

l i q u i d  pressure decrease c r e a t e d  by a va lve  or pipe fittirz i n  a flowirig 

stream, A bubble con ia in ing  an i n e r t  gas w m l d  always be s u s c e p t i b l e  t o  

t h e s e  c o n d i t i o n s  because t h e  i n e r t  g a s  would n w e r  ccrnpletely co l l apse .  

Complete c o l l a p s e  is d e f i n e d i n  t h i s  thesis  t o  mean c o l l a p s e  t o  the 

p o i c t  where no nuc lea t ion  s i t e  remains. 

s o l u b l e  i n  the  f l u i d  would a l w a y s  be a rLucleat ion s i t e .  

bubbles create problems i n  the pumping o f  l i q u i d s  and i n  c a v i t a t i o n  

damage, a c r i t e r i o n  f o r  determining the t ime r equ i r ed  f o r  a vapor bubble 

t o  c o l l a p s e  completely should be e s t a b l i s h e d ,  

An i n e r t  g a s  that is not  

Since vapor 

Knapp and Hollander (2) e s t a b l i s h e d  one s e t  of  l i q u i d  c o n d f t i o n s  

where rebound d i d  occur.  These c o n d i t i o n s  p reva i l ed  for i n e r t i a  con- 

t r o l l e d  c o l l a p s e  with no r educ t ion  i n  1.tquid pressure.  

i n v e s t i g a t i o n  o f  h e a t  t r a n s f e r  c o n t r o l l e d  co l l apse ,  s e v e r a l  bubbles were 

observed t o  c o l l a p s e  and disappear  before  a l i q u i d  p re s su re  r e d u c t i o n  

occurred. 

bubble t o  disappear  before  the p re s su re  drop occurred had t h e  b e s t  

I n  t h e  p re sen t  

Any tendency to  rebound should have been r e a l i z e d .  The last  
I 

chance t o  rebound. 

secorids before t h e  p r e s s w e  drop of  Figi.ire 23 s t a r t . e d -  

onds before  t h e  p re s su re  drop, t h e  diameter was O,C202 inches.  

T h i s  bubjle had a diameter of  0.0225 i n c h e s  4 h 2 0  

A t  3 / U O  sec- 

The 
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dkmeter w a s  0.0157 i nches  a t  2/120 seconds, and the  bubble w a s  v i s i b l e  

b u t  no t  d i s t i n c t  at 1/120 seconds before  t h e  p re s su re  drope 

disapoea-ed completely i n  the next  1/120 seconds; t h e  p r e s s u r e  drop 

o,cculnr€rg at t h a t  time d i d  not cause t h e  bubble t o  rebound. 

"he bu%ble 

From t h i s  l i m i t e d  amount of  d a t a ,  bubbles c o l l a p s i n g  by a h e a t  

t r a n s f e r  c o n t r o l l e d  p rocess  with less t h m  f o u r  degrees  Rankine subcozi- 

ing have no tendency t o  r e b o u d  ofice they  a re  no l o n g e r  v i s ib le ,  The 

h e a t  t r a n s f e r  process  removes enough energy t o  cause complete c o l l a p s e .  

Knowledge of f l d d  condi t ions where bubble rebound d id  occur  and 

where rebomd d i d  not occur is a v a i l a b l e .  Addit ional  s t u d i e s  of bubbles 

c o l l a p s i n g  with h ighe r  degrees of  subcooling must be made t o  determine 

t h e  exact f l u i d  cond i t ions  necessary t o  i n s u r e  t h a t  a bubble w i l l  not 

rebound e 



CIIAPTER VI1 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Much 'of t h e  knowledge on t h e  dynamic behavior of  vapor bubbles  i n  

ncn-cryogens can be app l i ed  t o  t h e  dynarr.ic: behavior  of vapor bubbles  i n  

l i q u i d  n i t rogen .  It i s  most l i k e l y  t h a t  i t  is  safe t o  extend t h i s  

knowledge t o  i n c l u d e  most cryogens with t h e  most probable except ion 

being l i q u i d  helium 11, Liquid helium 1'1 h a s  e x h i b i t e d  s o  many unex- 

pected phenomena t h a t  only experimental evidence can  determine t h e  r e l i -  

a b i l i t y  of a?ply-ing t h e o r i e s  t o  i t s  b e h w i o r .  

S o l u t i o n s  of t h e  bubble dynamics problem f o r  asymptotic bubble 

growth i n  a superheated l i q u i d  can be used with confidence. Excel lent  

resul ts  were obtained using the Plesset-Zwick s o l u t i o n ,  

The p resen t  technique f o r  c o r r e l a t i n g  d a t a  i n  n u c l e a t e  pool b o i l i n g  h e a t  

t r a n s f e r  is t o  b a s e . t h e  Reynold's number on bubble diameter and bcbble 

wall v e l o c i t y ,  

Zuber and F r i e d  ( 3 2 )  showed t h a t  t h e i r  c o r r e l a t i o n ,  using thTis ReyrLoldss 
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number w a s  v a l i d  f o r  both subcooled and  superheated n u c l e a t e  pool b o i l -  

i n g  data. A c o r r e c t  c a l c u l a t i o n  of bubble r a d i u s  and bubble w a l l  

v e l o c i t y  can be used by the engineer  as an important a i d  i n  t h e  co r re -  

l a t i o n  of nuc lea t e  pool b o i l i n g  d a t a -  

Theore t i ca l  s o l u t i o n s  f o r  heai; t r a n s f e r  c o n t r o l l e d  bubble c o l l a p s e  

i n  a subccoled l i q u i d  nust be used with cau t ion .  E x i s t i n g  s a l u t i o n s  

depend on the  degree of subcool ins ,  e x t e r n a l  body f o r c e s ,  and bubble 

size.  

s o l u t i o n s  can be a p p l i e d  only i n  p h y s i c a l  s i t u a t i o n s  where a l l  o f  t h e  

bouiidwy cond i t ions  a r e  met. 

t h e o r e t i c a l  s o l u t i o n s :  

The dependency on these  variables i s  not  well e s t a b l i s h e d  and t h e  

F lo r schue tz  and Chao (1) suggested two 

0 

( V I I - 1 )  

and 

Rho = 1 - dt,. ( V I I - 2 )  

They p l o t t e d  t h e s e  two s o l u t i o n s  ( see  Figure 21a) on one p l o t  ar,d con- 

pared a l l  of t h e i r  d a t a  t o  these s o l u t i o n s .  For subcooling between 8 

and 13 degrees  Kelvin t h e  da t a  were approximated by Equation ( V I I - 1 1 ,  

b u t  f o r  s u b c o o l i w  between 5 and 6 degrees  Kelvin the d a t a  were approx- 

imated by Equation ( V I I - 2 ) .  This experimental d a t a  dev ia t ed  from t h e  

r e s p e c t i v e  t h e o r e t i c a l  curves by less than  s i x t y - f i v e  percent .  A l l  of 

the experlmental d a t a  of t h e  p re sen t  i n v e s t i g a t i o n  Leviated from Eqm- 

t i o n  ( V I I - 2 )  by l e s s  than s i x t y  percent .  An equa t ion  der ived from t.he 

d a t a  of t h i s  experiment, 

Rho = 1 - F5 



3 

fits ninety-two pe rcen t  of all t he  d a t a  p o i n t s  w5th a d e v i a t i o n  l e s s  

than  twenty percent .  

mended f o r  t h e  p r e d i c t i o n  of h e a t  t r a n s f e r  c o n t r o l l e d  co l l apse .  

t i o n s  ( V I I - l )  and ( V I I - 2 )  car be expected t o  p r e d i c t  r e s u l t s  with 

s i x t y  percent  e x o r g  and Equation ( V I I - 3 )  h a s  been v e r i f i e d  on ly  f o r  

l i q u i d  n i t r o g e n  subcooled less t h a n  f o u r  degrees  Rmkine i n  t h e  e a r t h ' s  

g r a v i t a t i o n a l  f i e l d .  

None of t h e s e  c o r r e l a t i o n s  can be s t r o n g l y  recom- 

Equa- 

Bubble dynamics with v a r i a b l e  l i q u i d  p r e s s u r e  w a s  s t u d i e d  experi-  

Bubble growth w i t h  dec reas ing  l i q u i d  p re s su re  i s  experimen- mentally.  

t a l l y  shown t o  H e  between growth p red ic t ed  by an i n e r t i a  c o n t r o l l e d  

p rocess  and t h a t  p red ic t ed  by bubble growth i n  a superheated l i q u i d  with 

cons t an t  l i q u i d  p re s su re .  

t i o n  

The equat ion of motion and t h e  energy equa- 

and 

m u s t  be solved s imuitaneously t o  determine whether a 

( V I I - 4 )  

dx ( V I I - 5  

t heo re  t i c a l  s G l c -  

t i o r ,  can be used t o  p r e d i c t  bLbble dynanics with v a r i a b l e  l i q u i d  pres- 

s u r e o  

t h e s e  equa t ions  w a s  too l a r g e  t o  be handled i n  t h e  p r e s e c t  i n v e s t i g a t i o n .  

P e r s l s t e n c e  time ir, th i s  i m e s t i g a t - i o n  is de f ined  t o  be the  t i n e  

The computer s t o r a g e  requirement f o r  t h e  simultar,eous s o l u t i o n  of 

du r ing  which a bubble h a s  t h e  p o t e n t i a l  t o  rebomd a f t e r  i t  has appar- 

e n t l y  col lapsed.  The p e r s i s t e n c e  t ime f o r  a vapor bubble c c i l a 2 s i n g  i n  



a 
B 

l i q u f d  d t r o g e n  subcooled l e s s  t h a n  four  deg rees  Rankine was f o u d  t c  be 

l e s s  than 1/120 seconds. 

was measured f o r  the pe r s i s t ence  tfme Gf completely i n e r t i a  c o n t r o l l e d  

c o l l a p s e  i n  water, bu t  the p e r s i s t e n c e  time is l a r g e  ( 2 ) .  Rebomd d i d  

occur i n  t h e  experimsntal  work of Knapp and Hollander. From t h e  a b m e  

d e f i n i t i o n  of  p e r s i s t e n c e  time,, a vapor bubble containing an i n e r t  g a s  

has an i n f i n i t e  p e r s i s t e n c e  time i f  s o l u b i l i t y  o f  t h e  i n e r t  gas may be 

neglected.  

Rebotmd w a s  n o t  observed. No n u a e r i c a l  va lue  

Recommendations 

A r e l i a b l e  and accu ra t e  computer method f o r  simultaneously s o l v i n g  

Equations (VII-4) and (VII-5) i s  a n e c e s s i t y  f o r  a d d i t i o n a l  work i n  

bubble dyramics. 

problem of tempera twe con t ro l l ed  co i l apse .  

e s s a r y  i n  t h e  study of bubble dynamics with v a r i a b l e  l i q u i d  p re s su re .  

This s o l u t i o n  would be a s t e p  toward r e s o l v l x  t h e  

The s o l u t i o n  is a l s o  nec- 

A c a r e f u l  r e v i s i o n  o f  the t h e o r e t i c a l  equa t ions  governing tempera- 

t u r e  c o n t r o l l e d  c o l l a p s e  i s  suggested. The e r r o r  i n  t h e  p r e s e n t  t heo ry  

r e s u l t s  e i t h e r  from neglect ing t h e  e f f e c t  of some of  t h e  terms of Equa- 

t i o n s  (VII-4) and (VII-5) o r  from an incomplete a i la lysis  of the h e a t  

t r a n s f e r  p rocess  a t  the bubble w a l l .  The e r r o r  of neg lec t ing  some terms 

of  t h e  eqca t ions  could be determined by t h e  computer s o l u t i o n  suggested 

above; however, a combination o f  both e r r o r s  should be considered. 

An experimental s tudy  of h e a t  t r a n s f e r  c o n t r o l l e d  co i l apse  f o r  a 

w'de range of d i f f e r e n t  l i q u i d s ,  d i f f e r e n t  deg rees  of  subcooling, and 

d i f f e r e n t  g r a v i t a t i o n a l  f i e l d s  would a i d  t h e  t h e o r e t i c a l  a n a l y s i s  sug- 

ges t ed .  Since experimental  v e r i f i c a t i o n  must be a v a i l a b l e  f o r  t h e  

proof of a y  theory,  t h e  experimental i n v e s t i g a t i o n  could precede t h e  
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t h e o r e t i c a l  i n v e s t i g a t i o n .  This experimental  s tudy should concur ren t ly  

provide d a t a  on p e r s i s t e n c e  t i m e  by having a pres su re  drop occur nea r  

t he  end of each experimental observat ion.  

subcooling;, at which bubble rebound occurs4 would a l l o w  t h e  i n v e s t i g a -  

tcr t o  know t h e  c o n d i t i o n s  f o r  complete bubble co l l apse .  

Knowledge o f  the  magnitude of 
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LIST O F  SYMBOLS 

element of mass R(x) = Bubble r a d i u s  dependent 

g = l o c a l  a c c e l e r a t i o n  o f  on x 
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D = Bubble diameter R ( t )  = Bubble r a d i u s  dependent 

E = I n t e r n a l  energy of an  on t 
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A = Constant (i = Heat g e n e r a t i o n  rate p e r  

A ( t )  = Variable of i n t e g r a t i o n  unit volume 

. -. r = S p a t i a l  coordinant  a = r G  
B ( t )  = Variable  of  i n t e g r a t i o n  R = Bubble r a d i u s  

R = Bubble v e l o c i t y  

R = Bubble a c c e l e r a t i o n  
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c = S p e c i f i c  hea t  .. 

C ( t >  = Variable  of i n t e g r a t i o n  

g r a v i t y  
P t  

R(y) = Bubble r a d i u s  dependent 

K = t h e r n a l  conduct ivi ty  

1 = h e a t  of vapor i za t ion  

L = Laplace ope ra to r  

m = /3[r3 - R 3 ( t ) ]  1 

Nu = Nusselt  number 
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AP = PV(T ) - Poo(t) 
W 

Pr = P r a n d t l  number 

a2 

s = Laplacc; v a r i a b l e  

t = Time 

T = Tempera?ure 

T = I n i t i a l  temperature of t h e  
0 

l i q u i d  

T ( t )  = Bubble wall temperature 

AT = T, - Tsat 

Tsat = S a t u r a t i o n  temperature  at 

p"L 
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Bubble w a l l  temperature 

Jm earn 
0 

Vector l i q u i d  v e l o c i t y  

Linear bubble v e l c c i t y  

Radial  bubble wall 

v e l o c i t y  

x = Dummy i n t e g r a t i o n  

v a r i a b l e  

y = Emmy i n t e g r a t i o n  

v a r i a b l e  

z = <R/R I3 
0 

Greek L e t t e r s  

a =  Thermal d i f f u s i v i t y  

Y = /Ro 
R 

q ( t )  = Heat source p e r  uni t  

volume 

I -  ~ = T - T  
0 

p. = Dynamic v i s c o s i t y  

P = Density 

o =  Surface t e n s i o n  

Cp = Velocity p o t e n t i a l  

Subsz r ip t  s 

d = Diameter 

L = Liquid 

o = I n i t i a l  

s = S a t u r a t i o n  

v = Vapor 

V = Volume 

w = Bubble w a l l  

- Liquid away from t h e  O0L - 
bubble 



i n  

B 
D 

APPENDIX A 

DEVELOPMENT OF THE GOVELRTIING EQUATIONS 

An understanding of t h e  equations governing bubble dynamics can be 

obta ined  by fol lowing t h e  development of t h e s e  equat ions from t h e  con t i -  

n u i t y  equat?'.on, t he  equat ion of motion, and the  energy equat ion.  The 

development given by Zwick (5) i s  followed i n  t h i s  appendix. A discus-  

s i o n  of the  assumptions made i n  developing t h e s e  equat ions f o r  appl ica-  

t i o n  t o  1iqA.d n i t rogen  i s  given. 

Cont inui ty  Equation 

The Euler ian  c o n t i n u i t y  equation f o r  a l i q u i d  o r  vapor i s  

where 

d - = t h e  t o t a l  d e r i v a t i v e  with respec t  t o  time dt 

P = d e n s i t y  

and 
A 2 5  A 
V = vector  v e l o c i t y ,  ui t v j  + wk f o r  r ec t angu la r  coord ina tes .  

The eqi 

Equation of Motion 

s t i o n  of motion, neglect ing ex te rn  

2 dV -L 
P z = v ' P  

1 body f o r c e s ,  becomes 

i 

a4 

(A-2) 
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where 
3 
P =  

P =  

c 1 =  

I =  
2 

J 
Q ; Y  = 

A v;v = 

2 2  & . A  -PI A 2  - -p (V* V > I  + p ( V ; v  + v; VI 
3 

normal pres su re  

v i s c o s i t y  
A .AA A A  A A  A f;f + j; j + k;k,  f o r  r e c t a n g u l a r  c o o r d i n a t e s  and I A = A 

dyadic product 

A 
dyadic product conjugate t o  V;V. 

That is, f o r  r e c t a n g u l a r  coordinates:  

And f o r  cons t an t  v i s c o s i t y  
J h A A v ' P = - v p  + - p v ( v  V I  - p v  x(v x VI. 

3 
A 

If t h e  flow is  I r r o t a t i o n a l ,  t h e n V  x V = 0 ,  a d  

A 4 A 
V ' P  = - v p  + - p V ( V * V )  3 ( A-3 



86 

1 3 '  

2 
For an incoapres s ib l e  f l u i d , v  a V = 0, and 

A 

v - P  = - v p .  0.-4) 

The equat ion  of motion f o r  i r r o t a t i o n a l  flow and cons t an t  v i s c o s i t y  

is 

A 4 d 
= - V p + - p V ( V . V )  dV 

p,, 3 

and if t h e  a d d i t i o n a l  requirement of i n c o m p r e s s i b i l i t y  i s  considered,  

Equation (A-5)  becomes 

A 
dV p E = - v p .  

Energy Equation 

"!!e energy equat ion  i n  a moving f l u i d  i s  

where 

E = t he  i n t e r n a l  energy of an  e l e n e n t  of mass 

k = thermal conduc t iv i ty  

= hea t  gene ra t ion  rate per  u n i t  volume 

and 
A 4  
P:v;V = t r a c e  0: the  product of t h e  stress and ra te  of  

s t r a i n  t e n s o r s .  

(A-6) 

(A-7) 

A 2 
For t h e  P and v ; V  g iven  above f o r  cons tan t  v i s c o s i t y  

Again, for i r r o t a t i o r a l  f l o x  

!J 



37 

A A  A J A 
P:V;V = -p(V v)  + p [ v 2 v 2  - - * (V - 3 2  - 2V*V(V. v)]. (A-8) 

3 

W'en the f l u i d  may be assumed t o  be incoxpres s ib l e ,  

J. A 
P:V;V = p v 2 .  

Equations Applied t o  t h e  Liquid 

(A-9) 

From the  assumption t h a t  t he  l i q u i d  motion i s  i r r o t a t i o n a l ,  i t  f o l -  

lows t h a t  t h e r e  is a v e l o c i t y  p o t e n t i a l ,  0, throughout t h e  l f q u i d  such 

t h a t  
A v = -vcp. ( A-io) 

A 
Since t h e  l i q u i d  i s  assumed incompressible ( o r  v V = 01, t h e  v e l o c i t y  

p o t e n t i a l  i s  a s o l u t i o n  of Laplace's  e q t a t i o n  

vz0 = 0. ( A-2.1 

The s p h e r i c a l l y  symmetric s o l u t i o n  t o  Equation (A-11) is  of t h e  

f om: 

(A-12 ) c p = -  A ( t )  + B ( t )  
r 

where 

r = r a d i a l  coordinate  

and 

A ( t )  and B ( t )  = func t ions  t o  be determined from t h e  boundary 

cond i t ions  

Then, 

V = A(t)/r2,  ( A-13 

The v e l o c i t y  evaluated at the  i n t z r f a c e  between a s p h e r i c a l  vapor 

bubble and the  l i q u i d  s w r o m d i n g  i t  is  given by V ( R )  whzre r = R a t  t h e  
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bubble w d l o  A ( t )  can be evaluated f o r  t h i s  boundary c o n d i t i o s :  

B 

8 ’  

Equation (A-13 becomes 

V ( r , t )  = V(R) R 2 ( t ) / r 2 .  

B ( t )  i s  ze ro  i f  t he  v e l o c i t y  p o t e n t i a l  is ze ro  at r = 0°, and 

Cp = V(R)  R2(t)/r-. 

The equat ion o f  motion from Equatioris (A-2) and (A-4) is 

A 
A A  

p[% + vvv]= - v p .  

By t h e  idr3ntity 

J A  A A. vx(vxv) = *vv2 - v v v  
where 

A 
V X V  = 0, f o r  i r r o t a t i o n a l  f l o w ,  

A 5  
t h e  i d e n t i t y ,  V - Q V  = &W2, r e s u l t s o  

With Equation (A-15) t h i s  g i v e s  

For c o n s t a n t  dens i ty ,  i n t e g r a t i o n  o f  Equatlon (A-16) g i v e s  

l u  where C ( t )  

p,/p 

For a 

(A-14 1 

(A-15) 

(A-16) 

(A-17 

from the boundary cond i t ion ,  when r = 00 then P = Pw, be’c’sres 

l i m i t e d  temperature range t he  assurr.pt.ion of c c n s t a n t  denslt;. 

I 
i 
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8 

a l lows  t h e  i n t e r n a l  energy t o  be w r i t t e n  

8' 

I 

i f 3  
t 

E = cVT 

where 

cv = t h e  s p e c i f i c  hea t  of t h e  l i q d d  at constant, volume. 

Equat ions (A-71, (A-91, and the above cas be combined t o  g i v e  

Some 

from 

pcv t + ;*VT] = kV2T + bV2V2 + 6. (A-18 

i n s i g h t  on t h e  s i z e  of the  term, pv2V *, can be gained us ing  V ( r , t >  

Equation (A-i5): 

Evalua t ing  t h i s  a t  the  bubble w a l l  and mul t ip ly ing  by v i s c o s i t y ,  

V2(R t )  W 2 V 2  = 12p ,R'. (A-19) 

T h i s  i s  the  v i scous  h e a t  generated pe r  u n i t  volume of l i q u i d  p e r  unit 

time and is  a m a x i m u m  at t h e  bubble w a l l  where v e l o c i t y  is a m a x i m u m  and  

r is a minimum. 

An o rde r  of  magnitude approximaticn f o r  t h i s  term can be made, 

Zwick ( 5 )  demonstrated t h a t  

A = i[l - 2 (1 - f)] V 
vL 

where 

L = s u b s c r i p t  f o r  l i q u i d  cond i t ions  

v = subsc r ip t  f o r  vapor cond i t ions  

(A-20) 



= bub'ole Mail velcc'_t;r 

a d  

V = ve loc i ty .  

I n  t h e  p re sen t  in:Testigatfcn f o r  ilqv.:id n i t r o g e n  near- at.mGspheric 

p r e s s w e  

A 
o r  VL = R is a good s?pyoximation of  t h e  f l u i d  v e l o c i t y  a t  t h e  bubble 

wall. The maximum value f o r  v ' iscosi ty  i n  t h e  rm-ge of  t!?is i c v e s t i g a -  
-9 

t i o n  was l e s s  than  10 Ibf-sec./ln.2 Tne maximum v e l o c i t y  m a s w e d  

exper imente l ly  was l e s s  than 40 inches/sccond when t h e  r a d i u s  of t h e  

bubble was 0.02 inches.  Therefore,  

8 -  

pv2V2 w 12p ( i y w  7 x loo4 Btu/sec. in .3 .  

The t o t a l  temperature drop at t h e  bubble wall, accord ing  t o  Z:iic:C,, 

is a2proximately 104'F/sec. and t h e  change i n  i n t e r n a l  energy f o r  t k i s  

cond i t ion  i s  

dT P cV dt w 100 B~u/;~c. i11.3 . 

D 

This compariscrn diows t h a t  t h e  v i scous  5ezitTng c a y  be cegiezte3 i n  

comparison t o  t h e  hea t ing  o r  cool inC; at the bubbl-e xall  r e s u l t b g  f icn  

t h e  condensation or  evzporat ion t h a t  occurs t h e r e .  

The energy equat ion  f o r  tha l i q a i d  is: 

(A-21) 
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heat ing ,  and constant  dens i ty .  

superheated l i q u i d  a r e  good approximations and f o r  t h e  r e l a t i v e l y  slow 

h e a t  t r a n s f e r  c o n t r o l l e d  co l lapse  t h e  bubble wall v e l o c i t y  is much l e s s  

t han  sonic  v e l o c i t y  and compress ib i l i t y  may also be neg lec t ed  for this 

case.  Near t h e  p o i n t  of  t o t a l  c o l l a p s e ,  h igh  f l u i d  v e l o c i t i e s ,  v a r i a b l e  

f l u i d  p r o p e r t i e s ,  and non-spherical shape a l l  make t h e  above assumptions 

i n v a l i d .  However, experimental obse rva t ions  a r e  not a v a i l a b l e  f o r  t h e s e  

c o n d i t i o n s  because t h e  bubbles were t o o  small to photograph properly.  

These assumptions f o r  bubble growth i n  a 

Equations Applied t o  the  Vapor 

The vapor m u s t  be considered compressible and 

motion f o r  a compressible,  i r r o t a t i o n a l  f l u i d  with 

the  equa t ion  of 

cons t an t  v i s c o s i t y  

is Equation ( A - 5 ) .  

.A P[% + t . v q  = - v p  + - 4 1 v (V V ) .  
3 

The p r i n c i p a l  r e s u l t  of t h i s  a n a l y s i s  is t o  i n d i c a t e  t h a t  the vapor 

i n e r t i a  i s  n e g l i g i b l e  when compared t o  t h e  l i q u i d  i n e r t i a  e f f e c t s .  

vapor d e n s i t y  is approximately 1/10 of t h e  l i q u i d  dens i ty ,  t h e  c o e f f i -  

c i e n t  of v i s c o s i t y  i n  the  vapor is approximately 1/2 of t h e  c o e f f i c i e n t  

o f  v i s c o s i t y  i n  t h e  l i q u i d ,  a n d  t h e  v e l o c i t y  and v e l o c i t y  changes i n  the  

vapor are at l e a s t  as s m a l l  as  t h o s e  i n  t h e  l i q u i d .  The p res su re  g rad i -  

e n t  i n  the  vapor is, t h r r e f o r e ,  less t han  1/2 of t h a t  i n  t h e  l i q u i d .  

Zwick gave a value f o r  pressure g r a d i e n t  i n  water superheated t h r e e  

deg rees  Kelvin to  be 1.5 atm./inch. 

The 

The p res su re  g r a d i e n t  i n  l i q u i d  

n i t r o g e n  i s  s i m i l a r  i n  

r a d i u s  of 10 inches,  
-2 

magnitude f o r  bubble growth. For a bubble 

t h e  pressure v a r i a t i o n  i n  the vapor i s  0 0 7 5 x l O - ~  



atmospheres. However, t he  vapor p re s su re  i s  of t h e  same crder of r i i q p i -  

tude as the  e x t e r n a l  pressure of one atmospheTe. The pressure  variaticr. 

i n  t h e  v a p r  is two orde r s  of magnitude smaller t h a  the  p re s su re  l e v e l .  

The vapor pressure  i s  e s s e n t i a l l y  uniform throughout the  i n t e r i o r  of  t h e  

bubble and can be m i t t e n :  

Zwick (5) obtained approximate r e l a t i o n s h i p s  from t h e  energy equat ion  

i n d i c a t i n g  t h a t  the  vapor temperature a d  d e n s i t y  were a l s o  func t ions  of 

time dloLe. These approxfmatiom r e s u l t e d  by cons ider ing  t h e  vapor t o  

be thermal ly  and c a l o r i c a l l y  pe r fec t  and from o rde r  of magnitude argu- 

ments. The experimental  r e s u l t s  of t h i s  i n v e s t i g a t i o n  were i n s u f f i c i e n t  

t o  v e r i f y  t h a t  t he  approximations of Zwick were a l s o  v a l i d  f o r  l i q u i d  

n i t rogen ,  however, a very rough o rde r  of  magnitude check f o r  l i q u i d  

n i t rogen  p c i n t s  t o  t h i s  conclusion. 

Equations a t  the Bubble Wall 

The s o l u t i o n s  i n  t h e  l i q u i d  and i n  the  vapor must be matched a t  t h e  

bubble w a l l  wi th  r e spec t  t o  temperature. Otherwise, t h e r e  would be 

i n f i n i t e  hea t  t r a n s f e r  by conduction at the  w a l l .  h e r e f o r e ,  tempera- 

t u r e  a t  the  bubble w d l  equals  t h e  temperature i n  t h e  1iqi; id a t  t h e  I h - a l l  

and t h e  temperature of the  vapor a t  t h e  w a l l .  

The v e l o c i t y  i n  t h e  l i qu id  h a s  been shown t o  be ipproxirnately e q - a l  

t o  t h e  bubble wall v e l o c i t y  and t h e  hea t  t r a n s f e r  r e l a t i o n  at t h e  w a l l  

is 

= L qci - A v 1 
zG aT I r=R V 

(A-22 ) 
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This equa t i cn  may be wr i t t en  i n  t h e  forr;: 

(A-23 

where t h e  vapor v e l o c i t y  i s  neglected i n  cornparisan t o  t h e  bubble w a l l  

v e l o c i t y  

F i n a l l y ,  n e g l e c t i n g  viscous and kinematic c o r r e c t i o n s ,  t h e  f o r c e  

balance a c r o s s  t h e  bubble boundary can be wr i t t en :  

Pv = PL + (2d/R.  (A-24)  

Equations (A-101, (A-171, (A-201, and (A-24) can be combined t c  

g i v e  a t  t h e  bubble w a l l  

o r  

(A-25 

where 

P ( t )  = equi l ibr ium vapor p re s su re  of t h e  l i q u i d  a t  the 
V 

temperature of the bubble wall. 

The energy equat ion f o r  t h e  l i q u i d  i s  Equation (A-211, 

The boundary c o n d i t i o n s  f o r  Equation (A-26) at t h e  bubble wall a re :  

(A-26) 

and 

(A-27) 

(A-28) 



Equatioas (A-251, (A-251, (A-271, a3d (A-28) def ine  the problem being 

corisidered m d  f o r  given boundary ccncii t lons on Equatiori (A-25) t h e  

simultaneous s o l u t i c n  o f  the  coupled e q u z t i c i s  r e s u l t s  ic  the t h e o r e t i -  

cal bubble behavim 



APPEXDIX B 

APPROXIKATE SOLUTION OF THE EYERGY EQUATION 

The s o l u t i o n  of the  ene;.gy equat ion  presented  here  is e s s e n t i a l l y  

t h a t  of P l e s s e t  and Zwick (8) .  

t i o n s  f o r  a vapor bubble m e  Equations (A-261, (A-271, and (A-28). 

no hea t  gene ra t ion  by r a d i a t i o n  o r  chemical r e a c t i o n s ,  q = 0, and the 

energy e q m t i o n s  become 

The energy equat ion  and boundary condi- 

For 

(E-2) 

and 

The temperature i n  tine l i qu id  a t  an i n f i n i t e  d i s t a n c e  from the  

bubble is  T . 
become 

And, wlth the  s u b s t i t u t i o n  of 8 = T - To, the  e q u a t i o r s  0 

and 

95 



96 

Ushg t h e  chmge of var iab les :  

rn = ( r 3  - R3(t ) ) /3  

t = t  

V e V T g i v e s  
a 

and neg lec t ing  

A form of t h e s e  equat ions more s u i t a b l e  f o r  s o l u t i o n  r e s u l t s  by 

assuming a temperature  p o t e n t i a l ,  U, de f ined  by 

Equat ions (B-7) and (B-10) can be combined t o  g i v e  

Then, p a r t i a l  i n t e g r a t i o n  with r e s p e c t  

where A( t )  i s  an a r b i t r a r y  func t ion  of 

r m  

t o  m g i v e s  

= A ( t )  ( B-11) 

t i n e .  But from Equation (B-10) 

(B-12 ) =I, e dm + K(t)  

and K ( t )  can be chosen s o  t h a t  A ( t )  = 0 and K(O) = 0. 

U(m, 0 )  = o s i n c e  8(m, 01 = 0. 

Therefore ,  
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The system of eq-uatiocs t o  be solved is: 

and 

For t h e  assunpt ion t h a t  a very t h i n  thermal boundary ex is t s  where t h e  

s i g n i f i c a n t  h e a t  t r a n s f e r  t akes  p l ace ,  t h e  t ransposing and adding of 

terms in Equation (B-13) give: 

(B-16 

0 -  
8 -  

The term, ( R 4 ( t >  - r4) p, a 2 u  h a s  t h e  p r o p e r t i e s  of  a pe r tu rb ing  heat; 

source.  

t h i n  thermal boundary l a y e r .  

The magnitude of t h i s  term is stid1 under t h e  assumption of a 

Another change of v a r i a b l e s ,  

B 

D 

in Equation (B-16) r ? s u l t s  i n  t h e  d i f f e r e n t i a l  equation: 

- - - - -  a 2 u  
am2 0: ah 

I. au  - (1 - 

The unperturbed e l s e ,  or t h e  z e r o t h  o r d e r  approximation, of  t h i s  

equa t ion  results when r4 = p(t). Equation (B-17) becomes 



Q 

The s o l u t i o n  of  Equations (B-18), (B-141, and (B-15) g i v e s  t h e  z e r o t h  

o r d e r  s o l u t i o n  of t h e  h e a t  problem where t h e  th l ckness  of the thermal  

boundary l a y e r  i s  zero.  

i n  u s ing  t h i s  z e r o t h  o r d e r  approximation was less  than  0.5 degrees  

Kelvin f o r  water. 

s o l u t i c n  and t h e  first o r d e r  s o l u t i o n  f o r  bubble growth i n  a sluperheatx? 

l i q u i d  w a s :  

Argments  by Zwitk (5) i n d i c a t e  t h a t  t h e  e r r o r  

The temperature d i f f e r e n c e  between t h e  z e r o t h  o r d e r  

For i d e n t i c a l  degrees  of superheat,  a bubble growing from an i n i t i a l  

r a d i u s ,  R 

water have approximately t h e  same r a d i u s  f o r  a g iven  time change. 

thermal d i f f u s i v i t y  i n  l i q u i d  n i t r o g e n  i s  l e s s  than  t h a t  o f  water. 

Therefore ,  t h e  temperatura d i f f e r e n c e  i n  l i q u i d  n i t r o g e n  i s  l e s s  t h a n  

t h a t  i n  wacer. 

dynamic problem f o r  growth i n  water,  and i t  causes  t h e  same magnitude 

e r r o r  i n  l i q u i d  n i t rogen .  

i n  l i q u i d  ni t rogen and one growing from t h e  same R, i n  
0 )  

The 

Zwick ( 5 )  shows t h a t  t h i s  e r r o r  does no t  a f f e c t  t h e  

The s o l u t i o n  of Equation (B-18) i s  ob ta ined  by t ak ing  t h e  Laplace 

t r ans fo rma t ion  with r e s p e c t  t o  h. 

The equatioris t o  be sclved a f t e r  t ransformation a r e :  

(B-20) 
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and t h e  solution h a s  t h e  forui: 

S u b s t i t u t i n g  i n  the boundary condit . ions y e s l d t s  in 

Then, 

(B-21 

(B-24 

Equation (B-251, w r i t t e n  i n  terms of t h e  o r i g i n a l  r and C, Yiariables, 

becomes 

The temperature a t  t h e  bubble wall, where r = R ( t ) ,  is 

(B-26) 
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Arrd using the  boundary condi t ion of Equxtion (B-2), t h e  s o l u t i o n  is 

(B-28 

This s o l u t i o n  f o r  the temperature a t  the  bcbble wall i s  based on 

t h e  assumptions t h a t  t h e r e  is  no r a d i a t i o n  h e a t  t r a n s f e r  o r  chemical 

r e a c t i o n s ,  t h a t  t h e r e  is  no heat t r a n s f e r r e d  from the  bubble wall by 

convection, and t h a t  the  thickness  of trie thermal boundary is zero.  

Rowever, th is  i s  t h e  b e s t  s o l u t i o n  p r e s z n t l y  a v a i l a b l e ,  and i t  h a s  be-n 

demonstrated exper imenta l ly  t h a t  good p r e d i c t i o n  of bubble dynamic 

behavior r e s u l t s  with the  above assumptions 



APPEXDIX c 

SOLUTIONS OF THE BUBBLE DYNAMICS PROBLm FOR SPECIAL CASES 

Bubble Growth i n  a Superheated Liquid 

The equat ions  t o  be solved i n  t h i s  s e c t i o n  are: 

and 

t (R3(x)pv) dx 
T(R,t)  - To = - 3kLl (c-3)  OL 

X 
TstB(y) dy}' 

For asymptotic growth i t  was s t a t e d  i n  Chapter I11 t h a t  t h e  s o l u t i o n  of 

Equation (C-3) approaches 

T(R,t)  - To = T - T 
so0 0 

The fol lowing v a r i a b l e s  and cons tan ts ,  suggested by P l e s s e t  and Zwick 

(81, a re  def ined  t o  s impl l fy  the  writing of  t h e  above equations: 

0 

R 
E' = - 

¶ CP = 2G [P,(t) - Pv(Tw)] , 3k 

:f 101 
d 



and 

The equat ions become: 

and 

dz 
a t u = 0 , ~ = 1 ~ d - = o .  du 
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(c-7) 

I n i t i a l l y ,  t h e  s t a t i c  condi t ion,  Pv(To) - Poo(t> = F, holds  and 
0 

V(T = -5. .  (C-8 1 
0 

A l i q u i d  can support  only a few degrees  of superheat ,  and for a small 

temperature range the  approximate r e l a t i o n s h i p  between p res su re  and 

temperature,  

i s  v a l i d .  

Combining Equations (C-61, (C-81, and ((3-9) g i v e s  

The i n t e g r o - d i f f e r e n t i a l  equation t o  be solved is 



8 
EI 

dZ u - dV 
(c-11) - - [  1 d 2 / 3  (3']+-I--l--j i- 1 - 0  dV 

6 dZ 
R 2 a 2  0 0 V G  213 

dz The asymptotic case ,  f o r  u 4 4 3 ,  h a s  z 4 -  and - 4 0. The i n e r t i a  
n du - -I 

term 7 3  63'1, d and the su r face  t ens ion  term, z '3, become ' 6 dZ 
n e g l i g i b l e  i n  t h e  asymptotic behavior of t h e  bubble. Then, 

' dZ - dV dV - 1  

is a good approximation of  the  bubble dynamics s o l u t i o n .  

(C-12) has  the  s o l u t i o n  

Equation 

(c-12 1 

The boundary condi t ion ,  z ( y )  = z1 when u = ul, r e s u l t s  from t h e  so lu-  

t i o n  of Equation (C-11) from time zero  t o  t i n e  when asymptot ic  growth 

occurs .  This time occurs  when t h e  bubble r a d i u s  and v e l o c i t y  a t t a i n  

t h e  va lues  where the neg lec t  of i n e r t i a  and su r face  t e n s i o n  terms i s  

permiss ib le .  

P l e s s e t  and Zwick matched t h e  so lu t ion ,  Equatioli (C-131, t o  t h e  

r equ i r ed  i n i t i a l  s o l u t i o n  and transformed t h e  s o l u t i o n  back i n t o  t h e  

o r i g i n a l  v a r i a b l e s  o f  the  problem. The r e s u l t  of t h i s  manipulat ion 

g i v e s  

(C-14) 

and 

A T = T  - T  
0 S.0' 



R y = -  R 9  
0 

v ,  0 
P ( T ) - P  v w  

3 H -  v - P*, - P 
VY 0 
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Bubble Collapse i n  a Subcooled Liquid 

I n e r t i a  c o n t r o l l e d  co l l apse  w a s  g iven i n  Chapter 111. The p resen t  

s e c t i o n  concerns temperature o r  h e a t  t r a n s f e r  c o n t r o l l e d  co l l apse .  

F lorschuetz  and Chao (1) non-dirnensionalized Equations (C-1) and ((3-3) 

using t he  d e f i n i t i o n s :  

T - T  
W - T  

W 0 

sa 0 
and 8 = T  

where 

P*= = f i n a l  system pressure  

P = vapor pressure  corresponding t o  T . 
V ¶ O  0 

Applying these  n o t a t i o n s  i n  Equations (C-1) and (C-3)  g i v e s  

and 

Now, de f in ing  



and 

Ja = p C (T - T '/e L p  so0 0 

t h e  equat ions can be w r i t t e n  

and 

( c-18 

When C i s  l a r g e  enough t h a t  t h e  l e f t  s i d e  of  Equation (C-17) i s  

approximat?ly zero,  sv(Bw) =,,('E-> and e W ( T )  = 1. 

s i t u a t i o n  occurs,  bubble c o l l a p s e  is s a i d  t o  be c o n t r o l l e d  by h e a t  

t r a n s f e r .  For t h e  experimental  d a t a  taken i n  t h e  p re sen t  i n v e s t i g a t i o n ,  

t h e  range 3f values of C was from 2.73 x 10' t o  5.59 x lo8 .  

t i o n  of Equation (c-18) is obtained i n  terms of new va r i ab le s :  

When t h i s  p h y s i c a l  

The s o l u -  

and 

X 
V =I, Y4(x)dx, 4 t H = T [ : J a  r , 

Applying these  v a r i a b l e s  t o  Equation (c-18) g i v e s  

For  t h e  boundary c o n d i t i o n  z = 1 at u = 0, t'ne solution of Equation 
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8 
D 

7 3  = 1 - 3u Q . 
The s o l u t i o n  i n  terms of t h e  o r i g i n a l  v a r i a b l e s  i s  

( c-20 ) 

I n t e g r a t i o n  of  t h e  r i g h t  hand s i d e  of  Equation (C-21) g i v e s  

t 2 ( $ + Y 2  - 3 ) .  (c-22) H 3  

Equation ((3-22) is t'ne s o l u t i o n  of t h e  bubble dynamics equa t ions  f o r  

f l u i d  c o n l i t i o n s  such t h a t  the bubble c o l l a p s e  is h e a t  transfer 

c o n t r c l l e d .  

A disadvantage i n  t h e  form of q u a t i o n  (C-22) is t h e  n e c e s s i t y  c f  

s o l v i n g  a cubic equat ion t o  o b t a i n  an e x p l i c i t  exp res s ion  f o r  Y as a 

f u n c t i o n  of tH. 

c o n d i t i c n s  on t h e  energy Equaticr, (B-l)? r e s u l t s  i n  a n  e x p l i c i t  expres- 

s i o n  f o r  Y i n  terms of tH. 

Another approximate s o l u t i o n ,  using s i m p l i f i e d  boun?.ary 

The boundary cond i t ions  o f  Florschuetz  and Chao (1) assume h e a t  

t r ansFe r red  t o  a serr.i-infinite r e g i o n  with uniform i n i t i a l  temperature 

a8 and time dependent s u r f a c e  f lux,  - 
heat equat ion f o r  t h e s e  boundary cond i t ions  i s  

The s o l u t i o n  of t h e  v - -  
a'lr=R - k * 

-1 

fi Ja 
0 (T) = - 

W 

For h e a t  t r a n s f e r  c o n t r o l l e d  c o l l a p s e  ( f o r  8 ( 5 )  = 1) t h e  s o l u t i o n  of 
W 

3 



Equation (C-23)  is  

Y = 1 -%. 
Flo r schue tz  and Chao (I) concluded t h a t  a bubble would c o l l a p s e  

more r a p i d l y  than t h e  co l l apse  p r e d i c t e d  by Equation (C-22) .  All terms 

neg lec t ed  i n  t h a t  s o l u t i o n  tended t o  make t h e  c o l l a p s e  rate h ighe r  t han  

t h e  p r e d i c t e d  rate. "he co l l apse  rate p red ic t ed  by Equation (C-24)  was 

h ighe r  than  that pred ic t ed  by Equation (C-22). Both s o l u t i o n s  neglected 

r a d i a l  convect ion and f r e e  convection due t o  bubble motion with r e s p e c t  

t o  the  bulk l i q u i d .  Therefore, a vapor bubble i n  a g r a v i t a t i o n a l  f i e l d  

would c o l l a p s e  more r a p i d l y  than an i d e n t i c a l  vapor bubble sub jec t ed  t o  

the same f l u i d  cond i t ions  but having no g r a v i t a t i o n a l  f i e l d .  

Bubble Dynamics With a F a s t  Transient  Liquid Pres-  =ure 

A fast t r a n s i e n t  l i q u i d  p re s su re  i s  de f ined  t o  be a t r a n s i e n t  pres-  

sure occur r ing  s o  r a p i d l y  t h a t  t h e  change i n  vapor p re s su re  i n s i d e  a 

bubble can  be neg lec t ed -  

dict.ed from Equation (C-1) where P (T 

t r a n s i e n t  l i q u i d  p re s su re  i s  c a l l e d  a f: st t r a n s i e n t  l i q u i d  p re s su re .  

No c losed  form s o l u t i o n  e x i s t s  f o r  t h i s  problem. 

is  w e l l  adapted t o  numerical  s o l u t i o n  on a d i g i t a l  computer. 

More simply, when bubble behavior can be pre- 

i s  assumed t o  be cons t an t ,  t h e  v w  

However, t he  problem 

A Rutnge-Kutta i n t e g r a t i o n  technique gave very good approximate 
- -  

s o l u t i o n s  t o  Equation. (C-1) .  An accuracy check on the  i n t e g r a t i o n  pro- 
Q 

gram used he re  was made with t h e  r i g h t  hand s i d e  of Equation (C-1) con- 

stant and with the  increment s i z e  i n  time equal  t o  10 seconds. The 

r e s u l t s  from t h e  numerical i n t e g r a t i o n  were compared t o  t h e  exact  sz~la- 

-6 

t i o n ,  o r  Rayleigh s o l u t i o n ,  and the maxinun e r r o r  was l e s s  than  one ' @  
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percent .  

a f f e c t  t he  convergence o f  the problem. Therefore,  t h i s  i n t e g r a t i o n  

technique was assumed t o  adequately p r e d i c t  bubble dynamic behavior 

under f a s t  t r a n s i e n t  l i q u i d  pressures .  

I n t r o d u c t i o n  or" pressure v a r i a t i o n  i n t o  t h i s  program does not  

The computer program wr i t ten  f o r  a p a r t i c u l a r  p re s su re  v a r i a t i o n  i s  

given  i n  Figure 26. This i s  the  same program t h a t  was used to  compare 

s o l u t i o n s  of the Rayleigh so lu t ion  except  f o r  t he  i n t r o d u c t i o n  of t h e  

v a r i a b l e  p re s su re ,  PI. The p a r t i c u l a r  p e s s u r e  v a r i a t i o n  i s  g iven  i n  

F igu re  27. 



0' 

36 - 
37 

Z=Z+ALZ/Z. 
AK3=AH+L 

.- - . . 

40 IF(R) l l r l l p 4  
41 4 AL3=AH+((PV-PI)/(DEN)-(l.5*(Z*I2))/R 
42 R=R+AK3-(AK2/2,) 
43 Z=Z+AL3-(AL2/2.) 
44 T=T+AH/Z. - . _  

45 W=38.7+1 
46 PI=16.5+/6./(EXP(W))) 

50 5 AK4=AH*Z 
47 I F ( K ) l l ~ l l ~ S  

51 AL4=AH*((PV-PI )/(DEN)-Il.SI(Z*~Z)))/R 
52 A K S = ( A K l + Z . * A K 2 + 2 . - * A K 3 + A K 4 ) / 6 .  _ _  - -  

53 A L 5 = ( A L 1 + 2 . + A L 2 + 2 . * A L 3 + A L 4 ) / 6 .  
54 R =  R + A K  5-AK 3 
55 Z=Z+AL5-AL3 
56 IF(K-MI 6 , 9 , 9  
57 9 WRITE(6s20) T i  Rv Z 

- 60 IF1K-200001) 22,23823 - _ _  _ -  
61 22 t! = M +  1000 
62 GO T O  6 
63 1 1  W'tITE(6,51) 
64 .23 L = L+ 1 
65 IF(L - A )  45,10110 
66 10 STOP 
67 E NO 

Figure 26. Computer Solution f o r  One Variable  Pressure 
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APPENDIX D 

CALIBRATION AND EXPEEDlZNTAL DATA 

The rmo c o up1 e C a l i  b r a t  i o n  

The thermocouple output  measurements were taken f o r  each thermo- 

coupie sirrd-taneously with the s t a t i c  press-me above b o i l i n g  l i q u i d  

ni t rogen.  

t i o n .  Thermocouples 1-1, 1-2, 1-3, and 2-1 were l o c a t e d  i n  t h e  l i q u i d  

n i t r o g e n  \. 'nile 2-2 was located i n  t h e  e;ectr ical  h e a t e r .  

Table I11 gives t he  measurements made f c r  each day of opera- 

TABLE I11 

THERMCCOUPLE DATA 

Date Number Barometric Liquid P res su re  The rmo :: o up1 e 
Pres su re  i n c h e s  of mercury Output 

inches of Mv 
mercury 

12-13-65 29.23 
1-1 
1-1 
1-1 
1-1 
1-2 
1-2 
1-2 
1-2 
1-2 
1-2 
1-2 
1-3 

0.0 
3.56 
5.18 
16.62 
0.0 
3 056 
5 *36 
14.6G 
19 *23 
23.71 
24.75 
0.0 

5 . 494 
5 . 4.76 
5.47i 
5 433 
5 487 
5.474 
5 e 468 
5.439 
5.420 
5 491 
5 0397 
5. L88 



1; 2 

I c3 

TABLE I11 (Continaed) 

Date Number Barone t r i c  Liquid Pressu re  The rmo c o as1 e 
Pressure i n c h e s  of mercury Output 

inches of Mv 
mercury 

1-3 
1-3 
1-3 
1-3 
1-3 
2-1 
2-1 
2-1 
2-1 
2-1 
2-1 
2-2 
2-2 
2-2 
2-2 
2 -2 

12-17-66 
2-1 
2-1 
2-1 
2-1 
2-1 
2-1 
2-2 
2 -2 
2-2 
2 -2 
2-2 
2-2 

12-20-65 
1-1 
1-1 
1-1 
1-2 
1-2 
1-2 
1-2 
1-3 
1-3 
1-3 
2-1 

29.37 

29.06 

3.21 
5 -56 

13.26 
18.41 
20 035 
0.0 
2.12 
5-76 

11.10 
12.11 
21.74 
0.0 
2.80 
5.66 

10.50 
22.72 

23.40 
17.58 
12.80 
9.59 
9-02 
0.0 

23 e 89 
16 *99 
11 . 87 
10.65 
7.20 
0.0 

11.68 
15 75 
18.33 
11 . 68 
16 55 
18.02 
18 -33 
16-55 
17.18 
18.02 
11.58 

5 476 
5 e 467 
5.444 
5.425 
5.414 
5 . 482 
5.472 
5.456 
5 439 
5 e 434 
5 0 403 
5.488 
5.481 
5 467 
5 9 452 
5.411 

5 -394 

5 432 
5.444 
5 . 444 
5 * 478 

5.412 

5.402 
5 . 420 
5.442 
5 . 452 
5 A64 
5-492 

5 452 

' 5.445 
5.438 

5.452 

5.434 
5 0 439 

5.442 
5 -432 

5.425 
5.42.7 

5.442 



TABLE I11 (Continued) 

Date Number Barometric Liquid P res su re  Thermocouple 
Pressure i n c h e s  of  mercury Outpct 

inches of MV 
mercury 

2-1 17 78 5.424 
2-1 17 078 5.419 
2 -2 11.68 5 452 
2-2 18.40 5.438 

Fkperirnental Data 

The measurements of l i q u i d  temperaixre and p res su re  were used t o  

determine t h e  c o n s t a n t s  i n  t h e  t h e o r e t i c a l  s o l u t i o n  of P l e s s e t  a..nd 
1 

Zwick. 

t h e  equation, 

A c.aTple c a l c u l a t i o n  f o r  de t e r rnb ing  t h e  c o e f f i c i e n t  of t” i n  

is  given f o r  bubbles No. 1-4. 

taken from f i l m  roll number 10. 

i n c h e s  of  mercury, t h e  thermocouple ou tpu t  w a s  5.462 mv. 

t h e  i n f o r n a t i o n  used i n  this c a l c u l a t i o n .  

The meas1:rernents f o r  t hese  bubbles wer? 

For th?s run, l i q u i d  p re s su re  = 29.23 

Table I V  g i v e s  



TABLE I V  

TKM)RETICAL BUBBLE Gi?OIJTH DATA 

Reference 

(27) PmL = 29.23 i m h e s  mercury Tsst = 138.891 'R 

Table I11 Thermocouple No. 1-3 = 5.462 mv TL = 142.7'R 

TL = 142.7'R 

TL = 142.7'R 

TL = 142.7'R 

(29) TL = 142.7'R 

(29) Tsat = 138. 8 9 1 " ~  

lb* pL = 50.2 /ft 

CL = 0.492 O R  m 
B t u  . L = 85.0 /lbm 
1$ 

p, = 0.29 / f t  

T = 3 . 8 " ~  L Tsat and T 

Using t h e  va lues  from Table I V ,  Equation (D-1) g i v e s  

inches  (tl*. 
( sec  1 -3 R = 0.08354 

Then, using D = 0.0427 from t h e  measurement of  t he  f i l m ,  t = 0.065'7 
0 0 

second. The t h e o r e t i c a l  curve is determiRed by s u b s t i t u t i n g  one ot.her 

coordinant  i n  Equaticn (D-2) when a log-log p l o t  i s  used. 

Tables  V - V I 1 1  g ive  t h e  measured d i a a e t e r s  and t i n e s  p l u s  t . te theo- 

r e t i c a l  s o l u t i o n  f o r  bubbles No. 1-ge 



DATA FOR FIGURE 7 

-~ ~- ~ ~~ 

Bubble Dlarceter Time Edbble Diane ter  TBme 
Nmber I m h  Second Number Inzh Second 

1 

2 

3 

0.0427 
0 . 0439 
0.0461 
0.0484 
0 0585 
0.0652 

0.0698 
0.0664 

0 e 0434 

0.054 
0 . 0551 
0 0574 

0.0519 
0 . 0641 

0.0506 

0.0596 

0 . 0405 
0.0461 . 
0.0484 
0.0506 
0.0568 

0.06547 3 
0.0738 
0.0821 

0.0988 4 

0.1238 

0.0905 

0 1071 
0 1155 

0.0839 
0.0922 

0.1088 
0.1172 

0 1005 

0 1255 Theore t i ca l  
0 1339 
0.1422 

0.0588 
0.0671 

0.0838 
0.0921 

0 0754 

0 0551 
0.0563 
0.0508 

0.0394 

0 . 0450 
0.0484 

0.0428 

Q . 0518 
0.0619 

0.0686 
0.0697 

0 e 0541 

0 . 01671 
0 . 03342 

0 05584 
o 05013 

0 10% 
0.1088 
0.1171 

0 0555 
0.0639 
o e 0722 
0.0805 
0 0889 

o 1055 
0 e 0972 

0 1139 
0.1305 

0.01 
0.C4 
0.09 
0.16 
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TABLE VI 

DATA FOR FIGURE 8 

Bubble Diameter T i m e  Bubble Dimetei-  Time 
Number Inch Second Number Inch Se c ood 

5 0.0326 
0 0360 
0.0405 
0.0439 
0.0495 
0 0495 
0.0506 
0.0506 

0.0630 
0 0630 

0 0551 
0 0574 

0.0325 Theore ica l  
0.0458 0 0362 0.04 
0.0491 0.0543 0.09 
o 0575 0.0724 0.16 
0.0658 

0.0825 
0.0908 

0.1158 

0.0741 

0 0991 
0 1075 

0.1241 
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~ 8' 
8 '  

f3 
4 

G 

TABLE V I 1  

DATA FOR F I G U R E  9 

~~ 

POOL = 29.37 inches  mercury Thermocouple 2-1 = 5.422 av 

Bubble Diameter Time Bubble Diameter Time 
Nmber Inch Second Number Inch  Second 

6 0 . 0743 0.0618 7 0.0810 0 0735 
0 0701 0.0889 0.0819 o 0788 

0.0866 0.0785 0.0923 0.0902 
0 . 0911 0.0868 0.0881 0.0985 
oeoggo 0.0951 0.0967 0.1069 
0.1058 0.1005 0 0979 0.1152 

0.1285 0 e 1069 0 1125 

0.1451 0.1091 0.1569 0.1215 
0 . 1226 0.1529 0.1159 0.1652 

The o r  e t  i c a'i 0 1226 0 1302 
0.02988 0.04 0.1249 0.1985 
0.04482 0.09 

o 1058 0 1118 0 1035 0 1235 
0 e 1058 0.12G1 0.1046 0 * 1319 

0.1402 
0 1159 0.1368 0.10g1 0.1485 

0 1237 0.1618 0.1170 0 e 1'735 
0.1215 0.1319 

0 05976 0.16 
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TABLE VII? 

DATA FOR FIGU3E 10 

= 29.23 inches  mercury Thermocouple 1-3 = 5.434 mv 
m. Bubble Dime t er Time Bubble D i m e  t e r  l i n e  

Number Inch Second Number Inch Second 

8 0 o 0525 
0 . 0600 
0 . 0840 
.o .0900 
0 0975 
0 1005 
0 . 1020 
0 1035 
0.1170 

Theore t i ca l  
0 . 03 836 
0.07672 
0 .io508 
0.14344 

0.0188 
0.0271 

0.0522 
0.0605 
0.0690 

0.0856 

0 0354 
0.0439 

0 0773 

0.01 
0.04 
0.09 
0.16 

9 0.0615 
0.0720 

0 . 0855 
0.0885 

0.0960 
0.1065 

0 0750 

0 0915 

0 . 1245 
0.1275 
0 1305 
0 . 1260 

0 . 1560 

0 1335 
0.1470 

0 . 0258 

0.0518 
0.0601 
0 . 0685 
0.0778 
0.0861 
0.0945 
0.1028 
0.1111 
0.1195 
0.1.278 
0.1Yt5 0.1.361. 

0 0341 
0.0425 

Tables  I X - X V I I I  g ive  the measured diameter r a t i o s  znd time an2 the 

c a l c u l a t e d  va r i ab le s ,  tH and tR, f o r  bubbles No. 10-21. 



TABLE IX 

DATA FOR FIGURES 11 AND 22 

PmL = 20.72 ps i a  Thermocouple 1-1 = 5.475 mv 
Bubble Time 
Number D4 Second tH tR 

10 1 . 000 
0 811 
0.840 
0 757 
0.694 
0 735 
0 703 
0 . 744 
0.744 
0 673 
0.648 
0 770 
0.595 

0 0 0000 
0.0083 
0 . 0167 
0.0250 
0 0333 

0.0500 
0 . 0583 
0.0667 
0.0750 
o 0833 
0.0917 
0 0 1000 

0.0417 

0 . 000 
0.0074 
0 . 0149 
0 . 0223 
0.0297 
0.0571 
0.0446 

0.0594 

0 0773 

0.0520 

0 .ob69 

0.0817 
0.0892 

0. 0c)oo 
0.0066 
0 . 0124 
0.0228 
0.0366 

0. c551 
0.~630 
0.0866 
0 .io38 
0.1395 

0 0409 
0.0529 

0.1 477 
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TABLE X 

B .’ 
8 ‘  

Et 
B 

DATA FOR FIGURES 12, 13, AND 22 

= 23.148 psia Thermocouple 2-2 = 5.460 rnv po,L 
Time D4 Sesond 

Bubble 
Number 

11 1 OGO 
0 954 
0.877 
0.723 
0.831 
0.923 
0.831 
0.692 
0 523 
0.492 
0.446 
0.431 

12 1.000 
0 765 
0.809 
0.691 
0 750 
0.618 
0 515 
0.529 
0 . 412 

0.0000 
0.0083 
0.0167 
0.0250 
0.0333 
0.0417 
0.0500 
0.0583 
0.0667 
0 0750 
0 0833 
0 0917 

0.0000 
, 0.0083 

0.0167 
0.0250 
0.0333 
0 . 0417 
0.0500 
0.0583 
0.0667 

0 0 0000 
0 0074 
0 . 0148 
0 0222 
0.0296 
0 0370 
0 . 0444 

0 . 0592 

0 a 0740 

0 . 0518 

0.0666 

0.0814 

0 . 0000 
0 . 0068 
o . 0135 
0.0203 
0 . 0270 
0.0338 

0 . 0540 

0 0405 
0 . 0473 

0 0 OOCO 
0 . 0050 
0 . 0118 
0.0261 
0.0263 
0 . 0.267 
0.0395 
0.0664 
0.1329 
0 16E9 
0.2285 
0.2691 

0. (1000 
0 .a0071 
0 0126 
c.0260 
0.0295 
0 . 0543 

o.io36 
0.1952 

0 0937 
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TPLBLE XI 

1 

EE' 

I 

. 
D 

DATA FOR FIGURES 14 AND 22 

= 19.22 psfa 
~ ~ 

Thermocouple 1-1 = 5.478 rnv 

Bubble Time 
Number D/D* Second tH tR 

13 1 . 000 
0.925 
0.762 
0.795 
0.902 
0.902 
0.895 
0.886 
0.820 

0.868 
0.778 

0 770 
0.770 
0 770 
0 . 680 
0.623 
0 590 

0.0000 
0.0083 
0 . 0167 
0.0250 
0.0333 
0 . 0417 
0.0500 
0.0583 
0.0667 

o 0833 
0 0917 
0 . 1000 
0 . 1083 
0 . 1167 

0.1333 

0 0750 

0.1250 

0.0000 
0.0021 
0.0043 
0.0064 
0.0086 

0.0129 
0 . 0150 
0 . 0171 
0.0236 

0 . 0278 
0 e 0300 
0.0321 

0.0107 

0 0193 
0.0214 

0 0257 

0.0343 

o.ooO0 
0.0021 
0.0063 
0.0087 
0 . 0090 
0 . 0113 
0 . 0138 
0 0164 
0 . 0218 
0 . 0243 
0 e 0341 
0. ( ,372 
0 . 0403 
0.0556 
0 D 0709 
0 0844 

0.0273 
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EIS 

TABLE X I 1  

DATA FOR F I G U R E S  15 AND 22 

= 25.16 psia  Thermocouple 2-1 = 50422 mv p,L 
Time D4 Second tH tR 

Bubble 
Number 

14 1 .ooo 
0 873 
0 945 
0 936 
0.928 

0.745 
0.736 

0.964 
0.700 

0.0000 
0.0083 
0.0167 
0 . 0250 
0'0333 

0 e 0500 
0.0583 
0.0667 

0.0417 

0 . 0000 
0.0008 
0 . 0016 
0.0025 
0 0033 
0.0041 
0 e 0049 
0 0057 
0.0066 

0 e COCO 
0.0014 
o 0023 

0.0048 

0.01.26 
0 e 0130 
0 . 0152 

0 0035 

0 0055 

TABLE X I 1 1  

DATA FOR F I G U R E S  1 6  AND 22 

= 27.76 psia p=L Thermocouple 1-1 = 5.425 m v  

Bubble Tim e 
Number D/D* Second tH tR 

15 1.000 
0.864 
0.848 
0.879 
0.803 
0 773 
0.773 
0 697 
0.803 

0.803 
0.712 

0.0000 
o 0083 
0.0167 
0.0250 
0.0333 

0 e 0583 
0.0667 

0.0833 

0.0417 

0 e 0750 

0.0917 

0.0000 
0.0016 
0 0033 
0.0049 
0.0066 
0.0082 
0.0115 
0.0132 
0.0148 
0.0164 
0 0181 

0 . 0000 
0.0029 
0.0060 
c 0084 

0.0182 

0.0358 

0.0371 

0 0135 

0 e 0255 

0 0303 
0.0429 
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TABLE XIV 

DATA FOR FIGURES 17 AND 22 

PsL = 21-32 ps ia  Thermocouple 2-1 = 5.442 mv 

Bubble Time 
Number D%l Second tH tR 

16 1 .000 
0.900 
0.830 
0 915 
0.746 
0 763 
0.695 
0. 881 

0.678 
0.508 
0.610 
0.525 
0.491 
0.576 
0.525 
0.491 
0.424 
0.305 
0.373 
0.322 
0.305 
0.305 

0.847 

0.0000 
0 . 0083 
0.0167 
o 0250 
0 0333 
0.0417 
o .0500 
o -0583 
0.0666 

0.0833 
0 0917 
0.1000 
0.1083 
0.1167 
0.1250 
0 1333 
0.1416 
0 . 1500 
0.1583 
0.1667 

0 0750 

0.1750 
o 1833 

0.0000 
0.0013 
0.0025 
0.0038 
o . 0051 
0.0063 
0.0076 
0.0088 
0.0101 
0 . 0114 
0.0126 

0 . 0152 
0 . 0164 
0.0177 
0.0189 
0.0202 
0.0215 
0.0227 
0.0240 
0.0253 
0.0262 
0.0278 

0 0139 

0.0000 
o - 0050 
0.0117 

0.0290 
0 0346 
0.0500 
0 0 0.363 

0 0789 

0.1191 
0.1754 
0 2172 
0 1700 
0 e 2193 
0.2574 
0.3310 
0.7795 
0 5502 
0 7772 
0 8975 
0 0 9529 

0.0144 

O.O+tg 

0 1590 
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8 '  
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TABLE XV 

DATA FOR FIGURES 1 8  AND 22 

P-., = 22.46 psia 
~~~ ~ ~ 

Themlocouple 2-1 = 5.429 mv 

Bubble Tim e 
Number D/D, Second tH tR 

17 1 000 
0.893 
0.893 
0.872 
0.830 
0 745 
0.660 
0 575 
0.596 

0 0000 
o 0083 
0.0167 
0.0250 
0.0333 
0.0417 
0.0500 
0.0583 
0.0667 

0. ocoo 
0.0010 
0.0021 

0.0042 
0.0031 

0 0052 
0 0062 
0 0073 
0.0082 

0. om0 
o - 0050 
0 . 0100 
0.0158 
o 0232 
0.0360 
0.0551 
0.0847 
0 0877 



TABLE XVI 

DATA FOR FIGURES 19 AND 22 

PaL = 22.48 p s i a  Thermocouple 2-1 = 5.428 mv 

Bubble Time 
Number D4 Second tH tR 

18 1 .ooo 
0 943 
0 . 886 
0 857 
0.829 
0.743 
0.629 
0 571 
0 543 
0.514 

0.914 

0.0000 
0 . 0083 
0 :0167 
0.0250 
0 0333 
0.0417 
0.0500 
0.0583 
0.0667 
0.0750 
0 0917 

0 0 0000 
0.0016 
0.0036 
0.0050 
0.0076 
0.0102 
0 0152 
0.0248 
0.0344 
0.0428 
0.0584 

0.0000 
0 00071 
0.0161 

0.0461 
0.0689 
0.11122 
0 1555 
0.1935 
0.26k2 

0.0227 
0 . 0346 

1.000 
0.971 
0.882 

0.882 

0.618 
0.588 

0 e 912 

0.677 

0.647 
0.470 
0 0391 

0.0000 
0.0083 
0.0167 
0.0250 
0 0333 
0 0417 
0.0500 
0.0583 
0.0667 
o 0750 
0.0833 

0.0000 
0.0015 
0 0036 
0.0051 
0.0072 
0.0153 
0.0215 
0.0284 
0.0268 

o c916 
0.0571 

0.03GO 
0 o 0071 
c 0163 
0 0229 
0~~326 
0 01592 
0.0’371 
0.1284 
0,1212 
0.2582 
0 414.5 

19 

R 
20 1 0 000 

0.9;’O 
0 970 
0.97’) 
0. 760 
0.667 
0.636 
0.606 
0.606 
0.546 
0.546 
0.424 
0.333 

0 e 0000 
0.0083 
0.0167 
0.0250 
0 0333 
0 e 0417 
0.0500 
o 0583 
0.0667 

0.0833 
0.0917 
0 D 1000 

0 0750 

0.0000 
0.0015 
0.0030 

0.0158 
0.0208 
0.0267 

0.0045 
0 e 0097 

0 0305 
0.0423 
0.0470 
0.0858 
0 1517 

0 D 0000 
0.0267 
O.OL35 
0 0 0202 
0 OG39 
0.0713 
0 0941 
o 1209 
0.1381 

0 e 2126 
0-3882 
0.6563 

0 1914 



TABLE XVII 
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p DATA FOR FIGURES 20 AND 22 

I 1 

B 

’-L = 19.06 ps i a  Thermocouple 2-1 = 5.449 mi. 

Time D4 Second tH tR 
Bubble 
Number 

21  1.000 0.0000 0.0000 0.0000 

, 0.928 0.0167 0.0005 0.0036 
0 . 916 0.0250 0~0007 0.0056 
0.867 0 0333 u. 0009 0.0083 
0.880 0.0417 0.0012 0.0100 
0 855 o 0500 0.0014 0.~128 

0.916 0.0666 0.0019 0~0148 
0 o 0750 0.0021 0.0191 0 855 

0.867 0 0083 0 . 0002 0 0 0021 

0.855 0 . 0583 o 0017 0 0149 

0.807 0.0833 0.0024 0 0239 
0.843 0.0917 ’ 0.0026 0. C.241 
0.807 0 0 1000 0.0028 0.6286 

’ 0.916 0.1083 0.0031 0.0241 
0.867 0.1167 0 0033 0.0289 
0.795 0 1250 0 0035 0 0369 
0 759 0.1333 

0.638 0.1500 0 0042 0.0687 
0.627 0.1583 0.0045 0.0751 

0 578 0 1833 0 e 0052 0 1 ~ 2 3  
0 1917 0 0054 0.1027 

0.566 0.2083 0 0059 0.1 213 

0.0038 0 0432 
0 . 892 0.1416 0 e 0040 0 e 0332 

0.674 0.1667 0 0047 0.0684 
0.650 0.1750 0.0050 0 0773 

0.590 
0 . 566 0.2000 0 o 0057 0.1164 

- 

Transient Pressure Data 

The pressure-time relationship for all of the data in this aectior- 

is given in Figure 27. 

Table XVIII gives the measured diameters and time f o r  bubbles No. 22-24. 

The liquid temperature for this data was 145.2’R. 
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TABLE XVITI 

DATAFOR FIGURES 23-25 

- 
Bubble Diameter Time Bub bl e Earn et er Tine 
Number Inch Seccnd Number Inch Second 

f3 

B 
B 
D 

22 0 0349 

0 . 0332 
0.0338 

0.0338 
0 . 0383 

. 0.0248 
0.0236 

0.0282 
0 0259 

0 e 0293 
0 e 0304 
0.0349 
0 . 0394 
0.0394 

0.0495 
0.0495 
0 e 0541 

0.0383 

0 . 0586 
0 e 0631 
0.0686 
0.0698 
0.0788 

24 0,0298 
0.0349 
0.0343 
0.0394 

0 0405 

0.0433 
0.0461 
0 Ob73 

0.0382 

0.0338 

0 0507 
0 0552 

0.0000 
0.0083 
0.0167 
o 0250 
0 0333 

o e 0500 
0.0583 
0.0667 

0.0833 
0 0917 
0.1000 
0.1083 
0.1167 
0.1250 
0.1333 
0 ~ 4 1 7  
o .1500 
0.1583 
0.1667 

0.1833 

0.0083 
0.0167 
0.0333 

0.0500 
0.0583 
0.0667 

0.0833 
0 0917 
0.1000 

0.0417 

0 e0750 

0 1750 

0 0 GOO0 

0.0417 

0 e 0750 

23 0 e 0316 
0.0326 

0.0360 
0.0338 

0 . 0372 
0.0450 

0.0400 
0.0422 
0.0484 
0.0450 
0 0507 
0 0507 
0.0540 
0.0653 
0.0653 
0 0788 
0 e 0800 

0.0834 
0 0732 
0.0956 
9 . 1022 
0.1281 

24 0.0653 
0.0618 
0.0698 

0.0720 

0.0821 
0 a 0832 
0.1091 

0. C754 

0.0754 

0.0731 
0 e 0709 

0 e1035 

0. o>’)oo 
o a 0083 
0. ol.67 
0 0 0250 
0 9 0333 
0.0417 
o 0500 
0 0583 
0 0567 
0.0750 
0.0833 
0 0917 
0.1000 
0.1 383 
0.1167 
o e 1250 
0.1333 

o 1500 
0 ~ 5 8 3  
0 e 1667 

o 1833 

0 1083 
0 e 1167 
0.1250 
0 1333 
0.1!+17 
0.1~00 
0 s 1583 
0. r667 
o 1750 
0.1833 

0 14i7 

0.1750 

0 o 1917 


